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Abstract
Diamond possesses outstanding properties such as high mobility, radiation hard­
ness, low intrinsic carrier concentration and tissue equivalence. These properties 
make diamond a very attractive material for radiotherapy dosimetry and wider 
radiation detection applications. Despite improvement in CVD diamond crystal 
quality in the last two decades, fabrication of metal contacts on diamond needs 
more understanding and further improvements.
The aim of this study is to fabricate and examine diamond radiation detectors 
with graphite contacts. High dose ion implantation is used to fabricate the 
graphite contacts on diamond. The ion implantation causes damage to the 
diamond, and when this damage exceeds a certain level, the defected diamond 
turns to graphite after annealing.
Boron ion implantation was used to fabricate graphite contacts to one polycrys­
talline and one single crystal diamond samples. Also, one single crystal diamond 
sample was fabricated using carbon ion implantation. For comparison, similar 
samples were fabricated using conventional metallization. The electron and hole 
charge transport was characterized using alpha spectroscopy. 50 kVp X-ray, 10 
MV photon, 20 MeV electron beams were used to study the dosimetric response 
of the detectors.
The graphite contacts have proven to be very stable mechanically and electron­
ically. The sensitivity of the PC samples was found to be independent of the 
contact type. On the contrary, the SC samples with graphite contacts have 
higher sensitivity than the sample with metallic contacts especially the carbon 
implanted sample. The optimal operating Voltage for the SC sample is about 
4.3x10^ V/cm, where maximum charge collection can be obtained. Beyond this 
bias, the noise increase and the linearity between the photocurrent and the dose 
rate is degraded without increase in the sensitivity. The downside of boron im­
plantation is that it causes slow response, which requires more priming than 
the samples with metallic contacts. However, this problem was overcome by 
using carbon ion implantation, because the carbon implanted sample is free of 
boron impurities. Also, the samples with graphite contacts show more linearity 
between the photocurrent and the dose rate than the similar metallic samples.
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Introduction
1.1 Diamond’s extraordinary properties
Diamond has a unique combination of outstanding properties. For example, 
it has thermal conductivity of 20 W/cm s at room temperature, which ex­
ceeds that of copper by a factor of five. High thermal conductivity is a key 
factor in high temperature and high power electronics application because it 
improves the thermal dissipation of the device. Also, it has a low coefficient 
of thermal expansion of 1.1 xlO“®/K. Electrically, it has very high mobilities 
for both electrons and holes, 1900, 2100 cm^/Vs respectively, for poly crys­
talline diamond. However, for single crystal diamond, it has been reported 
to be up to 4500 and 3800 cm^/Vs for electrons and hole respectively, which 
is the largest ever among semiconductors[1]. Also, diamond has a wide band 
gap of 5.5 eV, which leads to very low intrinsic charge carrier concentra­
tion. The breakdown electric field is very high around 5.6 MV/cm, making 
it a strong candidate for high power electronics. Tight and strong bonds be­
CHAPTER 1. INTRODUCTION
tween carbon atoms in diamond make it the hardest known material, putting 
it in the heart of the cutting tool industry. Finally, a comparison between 
properties of diamond and some other semiconductor is shown in Table 1.1.
The exploitation of diamond superior electronic properties in natural and 
high pressure high temperature (HPHT) diamond was prevented due to their 
high cost and random size and shapes. As such, the hope of wide use of 
diamond in electronic and thermal application was halted until scientists 
from NIRIM in Japan reported that it was possible to synthesise diamond 
from the gas phase, at subatmospheric pressure and moderate temperature. 
Since this huge breakthrough in 1984, a substantial amount of funds was 
invested in the development of chemical vapour deposited (CVD) diamond. 
This resulted in significant improvement in the crystal quality and the cost. 
More research is going on particularly in growing single crystal (SC) diamond 
on non-diamond substrates which will allow the prospectie of larger area SC 
diamond.
1.2 Diamond for radiation detection
Many of diamond’s properties mentioned in the previous section make it a 
very attractive material for radiation detection applications. Low intrinsic 
carrier concentration and high resistivity reduce the dark current, which 
opens the possibility of operating at room temperature and cut off the cost 
and space needed for cooling. In addition, diamond is a very radiation hard 
material due to the strength of sp  ^ bonds between C atoms. This gives 
potential for diamond in extreme harsh environments like nuclear reactors, 
accelerators and space applications. In medical applications, diamond is 
a promising material because its atomic number is very close to that for 
human body tissue (6 and 7 respectively). Also, its inertness makes it a safe 
material.
Radiotherapy dosimetry is one of most important applications of CVD 
diamond. More complex and sophisticated radiotherapy techniques like in­
tensity modulated radiotherapy (IMRT) have emerged in the last decades. 
The aim of these conformai radiation treatments is to achieve a higher dose
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CHAPTER 1. INTRODUCTION
within the target volume while minimizing the damage to the healthy sur­
rounding tissues. A careful control of the dose distribution in IMRT has 
requirements challenging the existing dosimetry systems like air ionization 
chambers. Besides human tissue equivalence, radiation hardness, stability, 
linearity, high sensitivity and independence from energy and dose rate, which 
are the usual properties of a conventional radiotherapy dosimeter, IMRT ap­
plication dosimeters should also exhibit fast response time and high spatial 
resolution. This is because of the need to follow the spatial distribution 
and temporal evolution of the delivered dose. Diamond’s physical proper­
ties make it a perfect candidate as an active material in radiotherapeutic 
dosimetry. Commercially available Ila natural diamond based dosimeters 
meet most of the IMRT requirements, however their response often shows 
a dose rate dependence, making it necessary to correct the measured data 
[4]. Moreover, natural diamond dosimeters are very expensive and the deliv­
ery times are quite long. This is because of the scarcity of natural diamonds 
stones possessing detector grade quality. The CVD grown diamond currently 
matches and sometime exceeds the quality of carefully selected natural dia­
mond. Also, it has the potential of quality improvement and cost reduction.
1.3 Electrical contacts to diamond
Although there has been significant improvement in the quality and avail­
ability of synthetic diamond over the last decade, the fabrication of reliable 
electrodes is still a problematic issue. Conventional metal diamond contacts 
have poor adhesion to diamond, which influences the electronic contact be­
tween metals and the diamond and also reduces the device life time [5, 6, 7].
In addition to the stability problems, fabrication of ohmic contacts with 
low specific contact resistivity to diamond has its limits. Forming this type 
of contact requires choosing a metal with a work function equal to the elec­
tron affinity in the case of n-type semiconductors (or the total of the energy 
gap and electron affinity for p-type semiconductors) to minimize the bar­
rier height. This approach is limited for diamond because of the pinning of 
the Fermi level at the surface due to a high density of surface states. That
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makes the barrier height independent of the metal work function. Moreover, 
for p-type diamond there is no metal with a work function higher than the 
diamond band gap. However, the lowest reported barrier is about 0.5 eV[8], 
which was achieved using carbide-forming metals like Ti, Mo, and Cr. X-ray 
transmission electron microscopy (XTEM) shows defects and amorphous lay­
ers in some cases at the diamond metal carbide interface, which contributes 
in reducing the barrier height [9].
Another approach to reduce the specific contact resistivity is to increase 
the doping concentration at the semiconductor surface. This can be achieved 
by either ion implantation [10] or introducing the dopants during the crys­
tal growth [9]. In this approach, the tunnel current dominates the charge 
transportation, which reduces the contact resistivity. The major limitation 
of this approach in diamond is the difficulty in doping diamond.
1.4 Aims of the study
The aim of this study is to fabricate and characterize graphite electrodes for 
diamond based radiation detectors. The electrodes will be fabricated using 
high dose ion implantation. The implanted ions destroy the sp^ bonds be­
tween carbon atoms and they rebond with sp  ^ because it is more stable at 
room temperature. When the density of sp  ^bonds exceeds a critical density, 
the implanted area of diamond turns to graphite under proper annealing 
conditions. The ion implantation was carried out in the Surrey Ion Beam 
Centre. These contacts have higher stability and mechanical adhesion when 
compered with conventional metals contact structures. Also, no metallic 
layers are added to the graphitic contacts, which maintain the tissue equiv­
alent dosimetric response of the detectors for medical applications. Prior 
to contact fabrication, I used the photolithography to define the contact 
structure.
The X-ray dosimetric and alpha particle spectroscopy performance of the 
devices were examined and compared with metal contact devices. Response 
to the change in the X-ray dose, high sensitivity, the independence of the 
dose history, are key characteristics of any X-ray detectors. In diamond de-
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tectors, these factors are usually attributed to the presence of defects in the 
diamond bulk. In this study I investigate any relationship between these 
factors and the nature of the contacts. I approach that by comparing these 
characteristics for similar bulk diamond but with different contacts. Also, 
the dependence of charge collection efficiency on the contact type were sub­
jected to investigations. I used a 50 kVp X-ray tube for low energy X-ray 
characterization. Also, I used the radiotherapy facilities at the Royal Sur­
rey County Hospital to characterize the samples at high energy photon and 
electron beams.
CVD Diamond Detectors
2.1 Principles of semiconductor detectors
The working principle of semiconductor detectors are based on the creation 
of electron-hole pairs by the transit of incident radiation through the semi­
conductor. The created electron-hole pairs are separated and drift to their 
corresponding electrodes under the influence of an electric field, as demon­
strated in Figure 2.1 .
The response of the detector depends mostly on two factors: the amount 
of charge created by the deposited radiation energy and the fraction of the 
created charges collected at the electrodes, which is called charge collection 
efficiency (CCE). The radiation deposited energy depends on the radiation 
type, energy and also on the material atomic number (Z). However, the 
charge created by the deposited energy depends only on the semiconductor 
bandgap as will be discussed in Section 2.1.1. The charge collection effi­
ciency is more complicated and influenced by many factors like electric field
CHAPTER 2. CVD DIAMOND DETECTORS
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Figure 2.1: Illustration of planar radiation detector working principle, the inci­
dent radiation creates electron hole pairs which drift toward elec­
trodes under the influence of an externally applied electric fleld.
strength and its distribution, carrier mobility and life time, crystal quality, 
and the metal contacts. The charge collection efficiency will be discussed in 
Section 2.1.3.
2.1.1 Creation of charge carriers
The number of electron-holes created in a semiconductor depends on the 
energy required to create an electron- hole pair (Wehp)- In principle, any 
photon or particle with energy higher than the semiconductor band gap will 
be able to create an electron-hole pair. However, Wehp is always larger and 
linearly proportional to the band gap as shown in Figure 2.2. The difference 
between Wehp and the band gap is believed to be due to phonon loses [11].
From Figure 2.2, we see diamond has the largest Wehp among other semi­
conductors due to its large bandgap. Nevertheless, the diamond Wehp is 
about third the average air ionization energy of 34 eV/ion. This make dia­
mond detectors more sensitive than ion chambers.
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F ig u re  2.2: Dépendance of the mean electron-hole creation energy {Wehp) on the 
semiconductor band gap [12].
2.1.2 Induced current and charge
The presence of charge near metal electrodes will induce a surface charge on 
those conductors. When this charge moves, the surface charge redistributes 
itself accordingly and causes an induced current. The induced charge is given 
by the integration of the instantaneous electric field {E) over the surface s 
surrounding the electrode such as
Q = é  eE.ds (2 .1)
where e is the dielectric constant of the medium. This requires calculating 
E for different location of q along its trajectory, which makes it very compli­
cated. Shockley [13] and Ramo [14] independently found a simpler method 
to calculate the induced charge. The Shockley-Ramo theory states that the 
induced charge (Q) and the induced current (/) by a moving point charge q 
are given by;
I  = qvEo{x)
(2 .2 )
(2.3)
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where v is the velocity of the charge q, (po and Eq are called the weighting 
potential and the weighting electric field, respectively. The weighting poten­
tial is defined as the potential at position x when unit potential is applied to 
the selected electrode and where all other electrodes are set at zero potential.
The weighting potential for a conventional planar detector is shown in 
Figure 2.3. When a radiation event occurs at a distance x from the cathode 
generating no electrons and po holes, the induced charge is given by
( 2 .4 )
where dx is the distance the charges travel before they reach their correspond­
ing electrode, or are trapped. The induced charge contains two components: 
the electron drift a distance x to reach the cathode whilst the holes drift a 
distance {d-x) to reach the anode. The induced charge on the cathode and 
anode is given by:
Qcathod =  ^ ^  (2-5)
Qanode =  —d—  ^ (2-5)
Thus, the the cathode and the anode will experience the same total mag­
nitude of induced charge but of opposite sign.
2.1.3 Charge collection
Electron and hole mean drift lengths are very essential properties of radi­
ation detectors. This ratio to the detector thickness determines the signal 
amplitude and the charge collection efficiency. The carrier drift length is 
given by the carrier velocity v times the carrier life time, such as
Ae = VeTe and Xh = VhTh ( 2 .7 )
10
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Figure 2.3: Top: the schematic of semiconductor detector using planner elec­
trodes. Bottom: the weighting potential of the anode and the signal 
components from the movements of electron and holes [15].
where and Vh are, respectively, the electron and hole drift velocity. In 
the semiconductors, v of electrons and holes is proportional to the applied 
electric field. The proportional constant is known as mobility and given by:
fieE and Vh =  fihE ( 2 .8 )
These equations are valid in low and moderate electric field. At high electric 
field the velocity is saturated and no longer depends on the electric field. 
Substituting from Eq 2.8 into Eq 2.7 yields
Ag — iiqTqE  and \h — [ijiTfiE (2.9)
In high purity material, where there is no trapping, the carrier life time, 
and consequently the carrier drift distance is very long compared with the 
typical detector thickness. Such detectors exhibits 100% CCE. For semi­
conductor with poor charge transport, whether low mobility or high trap
11
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concentration reduces the life time, the drift length is shorter than the drift 
distance (or detector thickness). For such detectors, CCE is less than 100% 
and described as
CCE  =  (2.10)
where d is the drift distance, which is the distance between the interaction 
position and the collection electrode. For simplicity it is considered to be 
the detector thickness if the radiation deposits its energy near the surface 
like the case of alpha and heavy ion particles.
The main reason for degradation in carrier life time is the presence of 
high concentration trapping centers in the semiconductor bandgap. These 
trapping centres result from defects in the crystal structure or impurities. 
Assuming a simple model for uniform density of trapping centres with a 
mean carrier capture time (r) the charge concentration as a function of time 
can be described as
n{t) = no exp (2.11)
p{t) =  Po exp (
V '^ h
The carrier concentration can be expressed as a function of the distance 
from its origin if they are drift under the influence of uniform electric field 
[E). If we consider a radiation interaction at a distance x from the cath­
ode depositing a total charge of Q. The population of electrons (holes) that 
reaches the anode (cathode) is dependent on the depth of interaction {x) 
such that
n(x) = no exp ) (2.12)
\  {J'e'^ eE J
p{x) =  Po exp I -  ^
l^hThE
The charge collected efficiency can be found by the integration of Eq 2.4 
over the distance d. By substituting from Eq 2.12 into Eq 2.4 the CCE can
12
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be written as
CCE
+
d
fJ'hThE
d
1 — exp
1 — exp
jjLeTeE 
— X
(2.13)
lleTeE
This equation is known as the Hecht equation and is widely used to char­
acterize semiconductor radiation detectors since it was reported in 1932 by 
Hecht [16]. The CCE is usually measured as a function of electric field using 
alpha spectroscopy. The pr  is extracted by fitting CCE versus the electric 
field to the Hecht equation. However, the Hecht equation validity is limited 
to planar detectors with a uniform electric field throughout the device thick­
ness. Also, it is limited to low electric field where the drift velocity is linearly 
proportional to the electric field strength
2.1.4 Surface recombination
Sometime the trap density at the surface is higher than the bulk. This can 
cause additional loss in the CCE for the electron hole pairs generated close 
to the surface. The Hecht equation must be modified to account for surface 
recombination processes such that [17, 18]
CCE
r 1 ■ firE
_l-f-5//iE_ d 1 — exp
- d
p rE (2,14)
where s is the surface recombination velocity of the carrier.
2.1.5 Dose rate dependence
The dose rate absorbed by a semiconductor can be measured by the change 
in its conductivity. This change in conductivity is a result of electron hole 
pair production explained in Section 2.1. In the absence of radiation, the 
semiconductor conductivity is given by
<7 =  n e / i (2.15)
13
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If a radiation beam falling on the detector produces /, (which is proportional 
with the dose rate (E)), electron hole pairs per second per unit volume, the 
density of free carriers will increase by ^n, such as
5n = f r  (2.16)
where r  is the life time. The carrier life time is inversely proportional to the 
concentration of recombination centers (iV) such as:
r = l / v s N  (2.17)
where v and s are the thermal velocity and the capture cross section, respec­
tively. In pure material with negligible tapping concentration, recombination 
occurs directly between vacant holes and a free electron; and since the num­
ber of holes is equal to the number of free electrons
T = l / v s n  (2.18)
And therefore from Eq 2.15, 2.16, and 2.18, the increase in the conductivity 
(ôa) is given by;
ÔCT = (2.19)
Eq 2.19 shows that in trap-free material, or when the excitation rates are so 
high that traps are unimportant, the change in the conductivity is propor­
tional to the square root of the radiation dose rate.
In the presence of significant trap concentration (m), the recombination 
centers concentration is given by 77 =  {m + n). Considering the case of high 
trap concentration, the vacant hole concentration can be neglected and the 
recombination center equals the trap concentration ( #  % m). Eq 2.17 can 
be written now as
T = l lv sm  (2.20)
Substituting from Eq 2.20 into Eq 2.15, the increase in the conductivity
14
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(^cr) under the radiation flux is given by:
5(7 = e[if/vsm  (2.21)
So, in this case (high traps concentration) the photocurrent is linearly pro­
portional to the dose rate.
The photocurrent, if the conductivity is converted to the current and f 
converted to D, can be written as
I  =  Io +  c D ^  (2.22)
where A is a parameter that accounts for the linearity. This parameter 
equals 0.5 in the case of trap free semiconductor and 1 in the case of high 
uniformly distributed trap concentration or any value between these two 
extreme limits depending on trap concentration. A larger than 1 is also 
observed when traps with different capture cross section are present. This 
model is known as the Fowler model and is widely used to evaluate the dose 
rate dependence in dosimeters [19].
In an ideal dosimeter we seek a linear current dose rate response, which 
requires high trap concentration. On the other hand, the presence of high 
trap concentration causes many problems in dosimeters such as the priming 
effect, reduced charge collection, and slow response.
2.2 Diamond: electronic properties and 
dosimeters
2.2.1 Carbon atom chemistry
Carbon has different allotropes like diamond, graphite, carbon nanotubes, 
and fullerenes. This is due to the different ways the carbon atom can form 
bonds with its surrounding atoms. This leads to huge differences in the 
material properties. For example, diamond is insulating, transparent and 
very hard but on the other hand graphite is a conductive, oblique and soft
15
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material [20].
The carbon atom in the ground state has four electrons in the valence band, 
two in the 2s subshell and two in the 2p subshell as shown in figure 2.4(a). In 
this electron configuration, only the two unpaired electrons in the 2p subshell 
can form bonds with other atoms. Therefore, the carbon atom is capable 
of forming bonds with two atoms only. Meanwhile, in reality carbon forms 
bonds with up to four atoms, as in the case of diamond. This necessitates 
an electron configuration with four uncoupled electrons in the valence orbit. 
This configuration occurs as a result of hybridization between the subshells.
In sp  ^ hybridization one of the 2s electrons is promoted to the higher 
orbital 2p as shown in figure 2.4(b). This gives four identical 2sp^ orbitals. 
The angle between hybridized orbital is 109° 28” as shown in figure 2.5(a). 
This permits carbon to form covalent bonds with four atoms. This type of 
hybridization can be found in diamond and methane.
In addition to sp^, there is sp  ^ hybridization, in which one of the 2s elec­
trons is promoted and combined with two of the 2p orbitals. This results 
in three sp  ^ and one unhybridized free p orbital electron as shown in fig­
ure 2.4(c). The three sp  ^ orbitals are in the same plane and the angle be­
tween them is 120° as shown in figure 2.5(b). The unhybridized p electron is 
directed perpendicular to the sp  ^ orbitals plane and becomes able to form tt 
bonds with other atoms. This type of hybridization is the basis in graphite 
and aromatic compounds.
2.2.2 Crystal structure
The crystal structure of diamond is a face centred cubic (FCC) as shown in 
Figure 2.6. In this structure, each carbon atom has covalent sp^ bonds with 
four neighboring carbon atoms. The bonds are symmetric with 109° typical 
for sp  ^ hybridization as discussed in the last section. The lattice constant is 
uo =  0-357 nm, which is the distance between two corners of the cube. Since 
there are four atoms along the cubic diagonal, the C-C bond length is equal 
to the a quarter of cubic diagonal a = % 0.154 nm. This short and
strong bonds makes diamond the hardest material.
16
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(a) ground state
18 2sp^ 2sp^ 2sp^2sp^
(b) sp^ hybridization
I S  2 s p ^ 2 s p ^  2sp ^  2 P
(c) sp^ hybridization
Figure 2.4: Electron distribution in carbon atoms in various states.
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(b)
F ig u re  2.5: Geometry of orbitals in (a) sp^ and (b) sp^ hybridization in carbon 
atoms.
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F ig u re  2.6: Diagram of unit cell of diamond [21].
In addition to physical hardness, diamond’s crystal structure gives it a very 
high radiation hardness. This makes it very attractive in application involv­
ing high dose or high energy radiation such as radiotherapy, synchrotrons 
and space applications.
2.2.3 Mobility
One of the outstanding properties of diamond is its high electron and hole 
mobility. The carrier mobility in diamond varies widely depending on the 
diamond type and crystal quality. For high quality single crystal CVD dia­
mond the holes and electron mobility is 4500 and 3800 cm^/V sec, respec­
tively, at room temperature [1]. However, not all diamond crystals show the 
same mobility because the above sample was grown with special care on the 
growth substrate surface to maintain high quality growth. For natural and 
single crystal CVD diamond the hole and electron mobility are around 2400 
and 2100 cm^/V sec, respectively [22]. Meanwhile, the mobility in poly­
crystalline CVD diamond is significantly less than that in SC and natural 
diamond affected by the grain boundaries. The mobility lifetime products 
increase with the increase of the grain size in poly crystalline diamond [23].
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This demonstrates the importance of crystal quality for carrier transporta­
tion.
2.2.4 Influence of defects in CVD diamond on radiation 
detection performance
The presence of defects is one of the most important difficulties in CVD 
diamond based radiation detectors. When a photon or particle interacts 
with the diamond, it creates electron-holes pairs which are driven towards 
the electrodes under the influence of an applied electric field. In the presence 
of defects, a part of the carriers will be trapped and can not contribute to 
the measured signals. That reduces the charge collection efficiency (CCE) 
of the device significantly. In addition, some traps with a deep energy level 
trap the carrier for a long time. This make the response of the detector 
depend on the dose history, which is called the memory effect or priming. 
Moreover, if the device is irradiated under an applied electric field, the traps 
near each electrode accumulate carriers with the opposite charge. As such, 
an internal electric field will build up in the opposite direction to the applied 
electric field, which reduces the total electric field and deteriorates the device 
performance. This phenomena is known as polarization.
The energy level and the density of traps depends on the crystal quality 
of the sample. In natural diamond traps at levels of 0.7, 0.71 and 0.95 
eV were found using the thermally stimulated current (TSC) method [24]. 
Meanwhile, in CVD diamond several deep levels in the energy range 0.3 to 1.5 
eV were found using TSC and photoinduced current transient spectroscopy 
(PICTS) [25]. Ion beam induced charge imaging for single crystal diamond 
by A. Lohstroh et al shows that the charge collection efficiency in positions 
of dislocation or nitrogen impurities is up to 50 % less than in defect free 
positions [26].
In polycrystalline diamond, the grain boundaries have the most influence 
on the detector performance. Mapping of sensitivity for polycrstalline dia­
mond using a micrometer focused X-ray beam shows that the sensitivity in 
the grain boundaries is only about 15% of that inside the grains, as shown
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in Figure 2.7 [27].
7.5 nA
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Figure 2.7: Image of the X-ray sensitivity for polycrystalline diamond using mi­
crometer focused X-ray beam(200 x200/im) [27].
The effect of grain size on photocurrent and peak height distribution has 
been studied by Zhang et al [28]. The response of three CVD thin films, 
with an average grain size ranging from 0.5 to 10 fim to 5.9 keV X-ray 
was investigated. SEM images of the films are shown in Figure 2.8 and 
the pulse height distribution is shown in Figure 2.9. The peak in the film 
with the largest grain boundary size is well separated from the noise, which 
means high counting efficiency, high signal to noise ratio and low detection 
limits [28]. Computer modeling shows a linear relationship between the CCE 
and the grain size [29].
2.2.5 Priming effect
In many radiation detectors, the performance of the detector improves after 
irradiation. This phenomena is known as the priming effect (or pumping 
effect). It is explained by the fact that the traps fill with carriers and become
21
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Figure 2.8: SEM images for CVD diamond film with different grain size [28].
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Figure 2.9: The pulse height distributions of CVD thin film diamond detectors 
with different average grain size obtained by 5.9 keV X-rays [28].
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inactive, which consequently increases the carriers lifetime. This is usually 
achieved by a suitable dose (from a few grays to tens of grays) of either beta 
or X-rays because of their capability to penetrate the whole thickness of 
the irradiated diamond. Ion Beam Induced Current (IBIC) mapping shows 
that CCE is improved in primed samples with a large presence of high CCE 
regions, as shown in Figure 2.10 [30].
Eff. (%)
Eff. {%)
Figure 2.10: Maps of CCE over a cross section of a CVD diamond sample (lateral 
IBIC) before (top) and after (bottom) 0.3 Gy priming as obtained 
by 2 MeV protons [30].
Understanding the priming dynamic requires understanding of distribution 
of the traps in the band gap, their cross section and lifetime. Although the 
difference in traps energy levels in the literature, it seems that the most 
widely accepted model is two band of defects: one close to valence band 
and acting as hole traps and the other around the gap centre and working as 
electron traps [31, 32, 33]as illustrated in Figure 2.11. In thermal equilibrium, 
B acts as a hole trap centre and A as a recombination centre, but after 
irradiation Band B is deactivated, which increases the induced signals.
In poly crystalline diamond, the performance is degraded by both in-grain
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Figure 2.11: Scheme of trap levels and charge carrier dynamic in CVD dia­
mond [31].
defects and more significantly grain boundary defects. Unfortunately, prim­
ing deactivates only the ingrain defects according to a study by Marinelli et 
al [34]. In this study, Monte Carlo (MC) simulation of the defect distribution 
was used to explain the change in the shape of the peak in alpha particles 
after irradiation. The peak shape changed from right to left asymmetric as 
shown in Figure 2.12(a). The in-grain defects are assumed to be uniform 
through the sample but the boundary defects increase toward the substrate. 
Before priming, the MC agrees with the measurement when both in-grain 
and boundary defects are included. But after priming, only the grain bound­
ary defects have to be included to reach agreement between experiment and 
MC simulation as shown in Figure 2.12(b).
2.2.6 Depumping
The effect of priming is reversible and can be removed by visible radiation 
or thermal annealing. Understanding the depumping mechanism is essential 
to maintain the primed state of the detector (or reversing it in some cases). 
Thermal depumping was studied by Balducci et al [35]. In his study, the 
sample was driven to a full pumped state by irradiation with (3 particles 
from ^°Sr source. Then, the hole lifetime was extracted from response to
24
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Figure 2.12: (a) change in alpha particle shape after priming, primed (full fig­
ure) and unprimed, (b) change in MC simulated alpha particle shape 
after priming, primed (full figure) and unprimed (inset) [34].
a. particles. The measurements were carried out over varying time intervals 
in different annealing temperatures. Finally the detrapping time constant 
was calculated and shown in Figure 2.13. The study demonstrates that 
the deeper defects need a very long time (several days) to detrap even at 
temperatures as high as 180°C, and that higher temperature is needed for 
faster detrapping. However, the shallower levels detrap the carriers much 
faster even in temperatures as low as 160 °C.
The effect of light on the primed state in CVD diamond was investigated by 
Manfredotti et al in the range of 400 to 1180 nm [33]. The results of the study 
are summarized in Figure 2.14. The figure shows that the light between 400 
and 550 nm decreases the hole efficiency but increases the electron efficiency. 
Beyond this range the light does not affect the primed state of diamond. This 
was interpreted by assuming that the priming fills up holes traps (band B in 
Figure 2.11) increasing their charge collection distance (CCD) but slightly 
decrease the electron CCD. The blue light empties the hole traps resulting 
in decreasing in hole CCD and increase in electron CCD.
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Figure 2.13: Detrapping time constant as a function of the inverse of annealing 
temperature [35].
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Figure 2.14: Effect of light on primed state of CVD diamond
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2.3 summary
Diamond has outstanding properties, which make it very attractive material 
for radiation detection applications. For example, it has very high electron 
and hole mobility, which improve the charge collection efficiency. Also, it 
has high radiation hardness due to strong and tight bonds between carbon 
atoms. Moreover, diamond has a low intrinsic carrier concentration permits 
room temperature operation. However, on the other hand, CVD diamond 
suffers from crystal defects and impurities, which reduces the carriers life­
time. Priming diamond detector fills deep trap levels and improve charge 
collection efficiency. Unfortunately, priming dose not deactivate all traps 
like ones in grain boundary in polycrystalline diamond. Also, shallow traps 
levels, which have short detrapping time, become active again short time 
after priming.
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Diamond Electrodes
The metal-semiconductor contact is very essential for any electronic device. 
This chapter is divided into three sections. Firstly, general theories of metal- 
semiconductor contact will be discussed briefly. In the second section, I 
review the metal contact to diamond specifically. Finally, I discuss the ion 
implantation, which is used to fabricate graphite contacts into the devices 
used in this study.
3.1 Principles of metal-semiconductor contacts
3.1.1 Introduction
Metal-semiconductor contacts can by classified into two categories; rectify­
ing and non-rectifying contacts. In rectifying metal-semiconductor contacts, 
which are known famously as a Schottky Barrier Diode (SBD), the current 
strongly depends on the polarity of the applied voltage. Non-rectifying con-
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semiconductor.
tacts, which are also called ohmic contacts, are the junctions that have low 
or negligible contact resistance compared to the bulk resistance regardless 
of the polarity of the externally applied voltage. One of our aims in this 
study is to investigate the influence of the contact characteristics on the 
performance of diamond radiation detectors. The approach is to make a 
comparison between similar CVD diamond samples with different contacts. 
This necessitates understanding the theory of metal-semiconductor contacts, 
which will be discussed briefly in this section.
3.1.2 Energy band diagram of metal semiconductor 
contacts
The ideal energy band diagram for a metal and semiconductor separated 
from each other is shown in Figure 3.1. Consider first the case of the n-type 
semiconductor, with (pm > where (pm and (ps represent the work functions 
of the metal and the semiconductor, respectively. The work function is 
defined as the energy required for taking an electron from the Fermi level 
(Ep) of the material to vacuum level.
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The semiconductor electron affinity Xs specifies the energy required to 
release an electron from the bottom of the conduction band {Ec) to the 
vacuum level. Assuming that (pm is greater than (ps, the Fermi level in the 
semiconductor is higher than that in the metal. So, when the metal makes an 
intimate contact with the semiconductor, electrons from the semiconductor, 
having a higher energy, cross over to the metal until the Fermi level in 
the semiconductor becomes coincident with that in the metal. This is the 
condition of thermal equilibrium depicted in Figure 3.2(a).
Transfer of electrons from the semiconductor to the metal leaves behind 
ionized donors as fixed positive charge. Thus, a space charge region, or 
depletion region, is formed. The presence of negative charge in the metal 
and positive charge in the semiconductor creates an electric field directed 
from the semiconductor to the metal, and a barrier will be established. At 
the interface, the barrier height {(pb) equals the difference between the metal 
work function {(pm) and the semiconductor electron affinity (%), which can 
be written as: [36].
4>b = {4>m-x) (3.1)
A similar discussion can be given for the case of p-type semiconductors. 
The barrier height, shown in Fig 3.2(b), is given by [36].
4>b = Eg ~ {^m — X) (3.2)
where Eg is the semiconductor band gap energy. However, the above dis­
cussion is only valid when the surface state density is very low. This model 
is called the Schottky-Mott limit. On the other hand, for very high surface 
states density the barrier height is independent of the metal work function. 
In this case, the Fermi level pins at the semiconductor surface. Therefore, 
the barrier height depends on the semiconductor surface state. This model 
is known as the Bardeen limit and the barrier height is given by [37]
(pb = Eg -  (po (3.3)
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(b)
Figure 3.2: Energy band diagram for (a)metal n-type semiconductor and 
(b)metal-p-type semiconductor.
where is the energy level at the surface where the Fermi level pins.
However, in most cases the dependence of the barrier height on the metal 
work function is somewhere between the above two extreme limits: Schottky- 
Mott and Bardeen. It can be written as
(3.4)
S is called the Schottky pinning parameter. It is also called the slope pa­
rameter because it describes the dependence of the Schottky barrier height 
on the metal work function S  = d(j)})/d(f)m- S' as a function of the surface 
state density {Da) is given by
S =
1 + q'^ 5Di€0
(3.5)
where cq is the air permittivity, and 5 is the thickness of the interfacial layer. 
When Dit goes to zero or infinity, equation 3.4 reduces to equation 3.1 or
3.3, respectively.
The surface states density and therefore the Fermi level pinning depends 
on the ionicity of the semiconductor. Figure 3.3 illustrates the relationship 
between the S factor and the electronegativity difference of the semiconduc-
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tor (A%). It shows a sharp increase for S from covalent semiconductor with 
AX less 0.4 to ionic semiconductor with AX more than 1.2. For covalent 
semiconductors like Si and Ge, S is very small meaning weak dependence of 
barrier height on metal work function. On the other hand, ionic semiconduc­
tors like ZnO have a unity S factor and the barrier height strongly depends 
on the metal work function.
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Figure 3.3: Index of interface behavior S as a function of the electronegativity 
difference of the semiconductors [38].
3.1.3 Schottky barrier lowering effect
The Schottky barrier lowering effect is the lowering of the potential energy 
barrier due to image charge of emitted electrons. The reduction in barrier 
height A</>5 is given by [36]
A(/>6 =
qEr^
dvre
(3.6)
where q is the electron charge, e is the permittivity of the semiconductor, 
Emax is the maximum held at the interface. A reverse bias could increase
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Emax resulting in more barrier lowering.
Schottky barrier lowering can also be given as a function of the applied 
bias as:
A(f)b =
1/4
(3.7)
where ^ is the difference between the Fermi level and the bottom of the 
conduction band, V  is the applied bias and Nd is the doping concentration.
Figure 3.4 shows the energy diagram incorporating the Schottky effect for 
a metal n-type semiconductor under different biasing conditions. Note that 
for forward bias, the barrier height is slightly larger than the barrier height 
at zero bias. For reverse bias, the barrier height is slightly smaller. However, 
because of the large value of e in a semiconductor, the barrier lowering in 
M-S contacts is smaller than that for a corresponding metal-vacuum system. 
The order of magnitude of barrier lowering can be estimated using equation 
3.7. For example, for e =12eo, and Emax = lO^V/cm, A(f) is around 0.035 V.
3.1.4 Current conduction mechanism in M-S Contact
The majority carriers dominate the charge transport in metal semiconductor 
contacts in contrast to p-n junctions where the minority carriers are the 
dominant type. The current can cross from the metal to the semiconductor 
in various ways. Three basic transport processes are shown in Figure 3.5 
for a metal-n-type semiconductor contact. Similar mechanisms can also be 
found in metal-p-type semiconductor contacts. These mechanisms are the 
following:
a Emission of electrons from the semiconductor into the metal over the po­
tential barrier by thermionic emission.
b Quantum-mechanical tunneling of electrons through the potential barrier.
c Recombination and generation of carriers in the space charge region.
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F.r
F ig u re  3.4: Energy band diagram incorporating the Schottky effect for a metal n- 
type semiconductor under different biasing conditions. The intrinsic 
barrier height is q^so- The barrier height at thermal equilibrium is 
Q05n The barrier lowering under forward and reverse bias is 
and respectively[39].
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Here, the discussion will be focused on the first and second mechanism 
because the last one is not important in wide band gap semiconductors.
metal
u-type seiiiicoudiictor
Figure 3.5: Transport processes in a forward-biased Schottky barrier.
Thermionic emission theory
In thermionic emission, there are two current fluxes, one from the metal to 
the semiconductor ( and the other from the semiconductor to the metal 
The current density from the semiconductor to the metal {Js-^m) 
is given by the concentration of electrons with sufficient energy to overcome 
the potential barrier {(pb — V), where 4>h is the metal semiconductor barrier 
height and V is the applied voltage. The thermionic current is described 
by [36]
J  = J<, e x p l ^ l - l (3.8)
where Js is the saturation current, which is given by [36]
Js = A*T^ exp
where A* is the Richardson constant
kT (3.9)
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For an ideal Schottky diode, the thermionic emission is the dominating 
contribution to the current. The saturation current is basically bias inde­
pendent but if Schottky barrier lowering effect is taken into account, the 
saturation current change with the bias such as:
J . =  (3.10)
where is the barrier lowering. Thus, Js becomes voltage dependent 
especially for high reverse bias. Substituting from equation 3.7 into equation 
3.10, it is found that
/  UT' \  1/4
ln{Js) = A-\- B  f 05 — ^ — -—  V j  (3.11)
where A  and B  are constants. This equation can be used to find the satura­
tion current by plotting ln{Js) versus ^ ^  . The saturation
current can be found by extrapolating the line to zero.
Tunneling current
As shown in Figure 3.5, carriers having an energy higher than the barrier 
height cross the interface by thermionic emission (process (a)). At the same 
time, those carriers with energy less than the barrier height might cross the 
barrier by quantum tunneling. The total current is the sum of the thermionic 
and the tunneling component. The current density can be written as
J  = J. “- ( i f ) - (3.12)
where n is called the ideality factor. For n =  1, Eq 3.12 reduces to Eq 3.8 for 
the ideal Schottky diode when the thermionic emission dominates. At low 
temperature, tunneling becomes more significant and n becomes greater than 
unity. In addition, tunneling currents become important for heavily doped
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semiconductors as the width of the space charge region becomes thinner.
3.1.5 Ohmic contacts
A metal-semiconductor contact is called an ohmic contact when the voltage 
drop across the contact is negligible compared to the voltage drop across 
the bulk semiconductor irrespective of the polarity of the applied voltage. 
In other words, the resistance of the contact is negligible compared to the 
bulk semiconductor resistance. An ohmic contact is important for all semi­
conductor devices because it is needed to connect semiconductor devices to 
other devices or circuit elements.
Specific contact resistance Rc is an important figure of merit for ohmic 
contacts. A good ohmic contact should have a small specific contact resis­
tance. The specific resistance is given by the reciprocal of the derivative of 
current density with respect to the voltage at zero bias such as: [36]
Basically, there are two approaches to achieve ohmic contacts: reducing the 
barrier height and increasing the tunneling current. The former approach is 
possible for semiconductor with low surface state densities, because in these 
semiconductors the barrier height has some dependence on the metal work 
function. Therefore, the barrier height can be reduced by choosing the metal. 
In semiconductors with high surface state density, the only possible approach 
to fabricate ohmic contacts is by increasing the tunneling current, which 
can be achieved by increasing the doping concentration. The relationship 
between Rc and the doping concentration is given by:
(3.14)
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where Eoo is given by
=  T V ê
The above equation shows that in the tunneling range the specific contact 
resistance depends strongly on the doping concentration and varies exponen­
tially with the factor {(pb/y/^D) [36].
3.2 Diamond metal contact review
3.2.1 Barrier height
Obtaining high quality contacts is very essential for developing diamond 
radiation detectors and electronic devices in general. The most important 
parameter in a metal semiconductor contact is the Schottky barrier height. 
Hence diamond is a covalent semiconductor with an electronegitivity differ­
ence of zero {AX  =  0), it is expected to have an interface slope parameter 
{S) of about 0.2. Consequently, diamond would have Schottky barrier height 
independent of the metal work function according to Kurtin model, shown 
in Figure 3.3. However, diamond’s S parameter was simulated theoretically 
to be 0.38±0.1 [40]. This suggest that the Schottky barrier height weakly 
depends on the metal work function.
The Schottky barrier height and its dependence on the metal work func­
tion was found to vary with the diamond surface preparation. For hydrogen 
terminated diamond, the barrier height was reported to vary with the metal. 
The physical reason of the H-termination role is not well clarified yet. In 
general, the Metal Induced Gap State (MIGS) theory is the most widely 
accepted model. In this theory, the metal wave function penetrate into the 
semiconductor side. Then new electronic states, MIGS, are formed in the 
band gap of the semiconductor [41]. Tsugawa et al [42] evaluated the barrier 
height for ten kinds of metals on a (001) surface using temperature depen­
dence of I-V characteristic. They found the barrier range from 0.59 eV for 
A1 to 0.19 eV for Ni. Also, they found the Schottky barrier height linearly
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decreases w ith the  electronegativity  difference between the m etal and the  
sem iconductor(A ^ — as shown in Figure 3.6. The linear relationship 
between the  Schottky barrier height and the  electronegativity differences 
is evidence of the  MIGS theory. This finding is in agreem ent w ith earlier 
finding by Monch[43]. In a  different explanation based on first principle th e ­
oretical m odeling, Kageshim a et al suggested th a t  H term ination  passivates 
the  interfacial dangling bond sta tes  which are the  strong source of pinning 
of the  Fermi level. This results in a large S-factor and the barrier height 
becomes m ore sensitive to  the  m etal work function. T he draw back of the  
hydrogenation on the  diam ond m etal interface is the  substan tia l effect on 
the  m etal adhesion strengths [44, 45].
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Figure 3.6: Schottky barrier heights of metal/diam ond contacts plotted vs elec­
tronegativity differences between metals (Xm) and diamond (Xg). 
The open circle denote the data of metal/hydrogen-terminated di­
amond (001) interface measured by Tsugawa et al [42]. The open 
squares and the open triangles indicate, respectively, the data  of 
metal/oxygen-terminated (001) diamond from Takeuchi et al [46] 
and from Ri et al [47]. This figure is taken from [42].
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For oxygen terminated diamond, the barrier height was found to be in­
dependent of the metal type [48, 49]. This is due to the increase in surface 
states which cause Fermi level pinning at the surface [50]. Using X-ray pho­
to electron spectroscopy (XPS), Shirafuji et al have proven experimentally 
that the Fermi level pins at 1.7 eV above the valence band maximum [51]. 
Kiyota et al have measured the Schottky barrier height for Au and A1 on 
oxidized diamond surfaces using IV and CV characterization. They found 
a barrier height of 1.20 eV for Au and 1.25 eV for A1 contact [49]. This is 
in good agreement with Fermi level pinning found by Shirafuji et al, con­
sidering the difference in the Schottky barrier height between Au and Al, 
0.05 eV, is negligible compered to the difference between their work func­
tion. The barrier height on oxidized diamond was found to be affected by 
the surface oxidization method. Garino et al reported a Schottky barrier 
height for An on diamond to be about 1.25 eV when the diamond surface 
was oxidized using a wet chemical technique. In contrast, the Schottky bar­
rier height was 2.13 eV when the diamond surface was oxidized using vacuum 
ultraviolet (VUV) technique. Also, the YUV technique resulted in better re­
producibility, which suggests the gas-phase oxidization method improves the 
homogeneity of the surface electronic properties. A contradicting study by 
Ri et al [47] indicated that the Fermi-level is unpinned on the oxidized (111) 
diamond surface and dependence on the Schottky barrier height on metal 
type was observed. However, in this study the samples were annealed at 420 
°C for 30 min in Ar after metal coating. This annealing might lead to oxygen 
desorption from the diamond surface which is reported by Kumaragurubaran
[52].
3.2.2 Ohmic contact
Ohmic contacts are fabricated ideally by choosing a metal that makes a 
zero Schottky barrier height with the semiconductor according to Eq 3.1. 
However, in the case of diamond, this is challenged by the facts of Fermi 
level pinning (except hydrogen terminated surface). The most common ap­
proach to making an ohmic contact is using carbide forming metals. It is
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found that some metal contacts like Ti, Cr, Mo, change from Schottky to 
ohmic after annealing. Such transmission was correlated to the formation of 
carbide on the diamond-metal interface as observed by X-ray photoelectron 
spectroscopy (XPS) as shown in Figure 3.7 [53]. Specific contact resistivity 
as low as cm  ^was reported by Werner et al using Al\Si contact after
annealing at 450° C in N2 [54]. The reduction of the specific contact resistiv­
ity wa attributed to the formation of SiC. The mechanism of transmission 
from Schottky to ohmic is either the reduction of the depletion width, which 
increases the tunneling current or the reduction of barrier height (or both 
of them), as illustrated in Figure 3.8 [53]. Yokoba et al estimated the bar­
rier height of 0.5 eV for Ti, Cr, Mo, Co, and Pd after annealing using the 
dependence of specific contact resistivity.
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Figure 3.7: Correlation between (a) the transmission in the IV from rectification 
to ohmic after annealing and (b) the formation of TiC as observed 
by XPS spectra as C-Ti beak appears after annealing at 430° C [53]
Another approach is to narrow the Schottky barrier by heavily doping the 
diamond surface. In this method, the barrier height will not be changed but 
the charge carriers can tunnel easily through the narrowed barrier. Boron 
doping either by ion implantation or during the epitaxial growth are the 
most established doping techniques for diamond.
The advantage of ion implantation is that the doping concentration and
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crease the tunneling current, (c) electrically active defects reduces 
the barrier height [53]
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depth distribution can be easily controlled and even designed in advance 
using simulation tools. On the other hand, it causes crystal damage and 
consequently charge carriers trapping. However, most of the damage can be 
removed by annealing if the defects density does not exceed a given threshold 
(more details in the next section). Beyond this threshold, annealing leads to 
graphitization of the defected volume.
Firstly, Prince prepared ohmic contact on II b type natural diamond using 
ion implantation [55]. An implantation energy of 35 keV and boron ion dose 
of 3x 10^ ® cm“  ^was used. The sample was maintained at 200° C during the 
implantation. After annealing at 800° C, the graphite on the surface was 
removed by boiling the sample for about 45 min in a sulphuric nitiric and 
prechloric acid. Afterward, the sample was metallized with various metals 
such as silver, gold, and copper. All the metals used resulted in good ohmic 
contact with a resistivity of 36.6 cm at room temperature. More energetic 
and higher dose ion implantation was later used by Venkatesan and Das [56] 
to fabricate ohmic contacts on diamond. PC CVD and Ilb natural diamond 
samples was ion implanted with a B dose of 3.5 x 10^ ®cm“  ^and 5x lO^^cm"^ 
at 60 keV, respectively. The PC CVD and lib natural diamond samples were 
kept at 100 and 200° C during the implantation, respectively. Similarly to 
the Prince study, the samples were annealed and the graphite layers on the 
surface were removed using chemical etching. Then, the samples were metal­
lized with electron beam evaporation of Ti followed by Au. An transmission 
line method test pattern was defined on the samples using standard lift-off 
photolithography. The specific contact resistivity value of the order of 10“® 
and 10“® Q cm  ^was measured for PC CVD and lib natural samples, respec­
tively. The effect of the used metal was investigated by Zhen et al. Two PC 
CVD samples were implanted, annealed, and chemically etched
Boron dopants can be introduced to homoépitaxial CVD grown diamond 
by diluting trimethylborate gas in H2 . This method has an advantage over 
ion implantation in that it dose not result in creation of damage. Chen 
et al [57] achieved a contact resistivity of the order of 10“  ^ Cl cm^ with 
a doping concentration of 10^ ® cm“®. Hewett et al [58] reported specific 
contact resistivity of about 2 x 10“® for Ti, Mo contacts on epitaxial boron
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doped diamond with a doping concentration of 7 x 10^  ^ cm“ .^ According 
to Eq 3.14, the specific contact resistivity can be reduced to 10“® cm  ^ to 
satisfy the operational requirement of diamond electronic devices, if a doping 
concentration of 10^ ° cm“  ^ can be achieved.
In conclusion, the metal-diamond contact Schottky barrier height depends 
on the surface termination. For an oxygen terminated surface, there is a high 
density of surface states, which leads to Fermi level pinning. Consequently, 
the Schottky barrier height is independent of metal work function. On the 
other hand, dependence of the Schottky barrier height on the metal work 
function was found in the hydrogen terminated surfaces. Ohmic contact 
to diamond can be achieved using carbide forming metals or heavy doping 
of the diamond surface. Annealing some metals like Ti, Or at about 400 
°C leads to metal carbide formation. This makes the barrier height lower 
(or narrower) and reduces the contact resistivity. The other approach is 
doping the diamond surface usually with boron. This can be achieved by ion 
implantation or adding boron containing gas during the growth. Doping the 
diamond surface narrows the Schottky barrier and increases the tunneling 
current, which reduces the contact resistivity.
3.3 Diamond ion implantation: doping to 
graphitization
The first use for ion implantation to alter semiconductor characteristics dates 
back to 1949, when Schockly filed for a patent titled ^^Semiconductor Trans­
lating Device’’ [59]. In this patent the semiconductor was doped by the 
damage effect resulting from ion implantation rather than the substitutional 
impurities, as known today. However, the first success in doping semiconduc­
tor by substitutional replacement using ion implantation was in 1954, when 
Schockly filed for another patent patent titled ” Forming of Semiconductor 
Devices by Ionic Bombardment’’ [60]. When an energetic heavy ion enters 
a solid, it suffers a series of collisions with the atoms of the solid. By each 
collision, the ion transfers a fraction of its energy to the solid atoms until it
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loses all its energy and comes to rest. The nature of these collisions governs 
the range of the ions in the solid. Moreover, the dissipation of energy leads 
to the increase of the kinetic and potential energy of the atoms. If the atom 
receives energy more than its equilibrium potential energy, it leaves its po­
sition and moves elsewhere. This process causes vacancies and interstitial 
defects in the crystal structure.
In diamond, if the sp^ bond is destroyed due to the collision with ions, the 
carbon atom re-binds again but with sp"^  bonds. This happens because sp"^  is 
more stable than sp^ bonds at low temperatures. If the density of sp"^  bonds 
exceed a critical density, the diamond turns to graphite. In this study, the 
graphitization process is used to make graphitic contacts to the diamond to 
be used as radiation detection devices.
3.3.1 Ion range
When an ion hits a semiconductor crystal it slows down due to the collisions 
with the target atoms electrons or nuclei. The former is called electronic 
collision. It dominates in the case of the high energy ions and results in 
negligible deflection in the ion track. The latter is called nuclear collision. 
In contrast to electronic collision, it becomes more important at low energies 
especially for heavy particles. In addition, it causes significant deflection to 
the ion’s pathway. The rate of energy loss with distance -dE/dx is composed 
of both electronic and nuclear collisions which can be written as [61]
^  =  NS„{E) + Se{E) (3.16)
where N  is the number of target atoms per unit volume and Sn{E) and 
Se{E) are the nuclear and electronic stopping powers, respectively. The ions 
come to the rest in the lattice when it loses all its energy. In other words, the 
range {R) is given by the distance x from the surface when the ion energy 
become zero. So the range can be given as [61]
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In the simple case, when nuclear stopping power dominates and hence elec­
tronic stopping power can be neglected, the solution for the above equation 
can be given as
where Mi, M2 , .^1 , and Z2 are the mass, Z  number for projectile ion and 
target atom, respectively. The solution of the above equation gives the av­
erage total distance covered by an implanted ion with energy Eq before it 
comes to rest. This equation gives a reasonably accurate range value for 
heavy ions such as arsenic at energies up to several hundreds keV but for 
light ions it gives about a factor of two higher. However, the projectile range, 
which is usually measured experimentally, is more important than the total 
range. It is the perpendicular distance to the surface and it is given by
= T T T  (3-19)
^ 3M l
In case of the light ions with high energy, the path of ions is mostly a 
straight line in the original direction of the motion with some straggling in 
the end. In this situation, there is no analytical solution of equation 3.16 
but it can be obtained numerically. The most comprehensive and widely 
used theory dealing with this issue is that by Lindhard, Scharff and Schiott 
(usually referred to LSS). The details of these calculations are beyond the 
scope of this discussion.
However, not all ions strikes in the semiconductor will follow the same 
path exactly. This is because each ion will have a different impact param­
eter with the atoms on the front line. This results in completely different
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collisions sequence for each ion. Moreover, it is not only the number of col­
lision but also the total path and the range will vary. Naturally, this leads 
to statistical distribution of ions which is assumed to be Gaussian. Now, 
the peak represents the average projectile length and the standard deviation 
assesses how the ions spread around this average.
For crystalline solids, some incident ions manage to steer between atomic 
nuclei, which is called a channeling phenomenon. These ions suffer less 
collisions and consequently go deeper into the target and depart from the 
Gaussian distribution. However, it is difficult to predict theoretically the 
distribution of channeling ions. That is because it is affected by many factors 
like the target crystal structure and its orientation. However, the maximum 
range Rmax for the best channeled ion can be predicted. Hence these ions 
suffer electronic collision only, and equation 3.17 can be reduced to
and since S{E) = kE^I‘^ ^ the maximum range is given by
= IF E  (3.21)
R  here does not depend directly on the number of atoms/cm^. Actually, 
it depends on the channel direction and the structure of the wall. So, the 
proportionality factor should be found experimentally.
3.3.2 Radiation damage
When implanted ions collide with target atoms, they transfer a fraction of 
their energy to these atoms in the form of kinetic and potential energy. If 
the atoms receive energy more than its interaction force with its neighbor­
ing atoms, it will be ejected from the lattice leaving a vacancy in its place. 
This atom may still be in a non-normal lattice position. This kind of defect 
is called a self-interstitial to be distinguished from an impurity interstitial 
resulting from projected ions. These three kinds of defect are shown Fig-
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ure 3.9. Also, the  recoil atom s cause some series of defects during their 
movement which is called a cascade. This cascade will continue until the  
energy becomes less th an  th a t required to  eject more atoms.
t
V a c a n c y  I n t e r s t i t i a l  i i i i p u i i t > -  . S e i f - u i t a s t i t i a i
Figure 3.9: The point defects in crystal semiconductor.
3.3.3 Graphitization of diamond
C arbon atom s can be bonded together by sp® bonds, which form diam ond, 
or sp^ bonds, which form graphite  (more details in chapter 1). The la tte r  
is more stable and likely to  be formed in low temperature. W hen diam ond 
exposed by ions, m any carbon atom s are ejected from their original la t­
tice places leaving vacancies in the  lattice. These atom s re-bond w ith  o ther 
carbon atom s bu t w ith sp^ bonds instead of sp®. If the  density  of the  va­
cancies exceeds a threshold  density, th e  diam ond will tu rn  to  g raph ite  after 
annealing. O therwise, the  annealing leads to  re-forming of the  defects into 
the  diam ond. The threshold vacancy density  was reported  to  be 1 x 10^^ 
vac/cm ^ [62]. In th is study, the  dep th  of graphite  layer formed after im plan­
ta tio n  of diam ond w ith 60 keV boron ions was found using SIMS as shown in 
Figure 3.10. Then, the  corresponding vacancy density  a t th is depth, which 
is the  threshold vacancy density, was estim ated  using TR IM  as shown in 
Figure 3.11.
The ion dose which is capable of graphitizing the  diamond is called the  
critical dose. Experim entally, it can be determ ined by m easuring the  surface 
resistance of the  im planted diam ond versus the  ion dose [63, 64]. It was found 
th a t  the  resistance drops sharply a t the  critical dose due to  high conductiv ity  
of the  graphite  as shown in Figure 3.12. Moreover, the  critical dose depends
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Figure 3.10: B and Li SIMS depth profiles for the implanted diamond in the (a) 
as implanted, (b) implanted and annealed (c) implanted, annealed 
and etched [62].
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Figure 3.11: Depth distribution of vacancies and ions, as obtained from TRIM.
The vertical line at 140 nm indicates the position of the graphite- 
diamond interface [62].
on the  ion species, energy, tem pera tu re  of im plantation  and dose rate . The 
influence of these param eters was discussed by Kalish and will be sum m arized 
here.
Ion species and energy
It is clear th a t  the  heavier and higher energy the  ion has the  m ore dam age it 
causes. As illustrated  in Figure 3.12 and 3.13, R  is functioning in th e  sam e 
way versus the  dose regardless the  ion species, energy and tem pera tu re . This 
suggests th a t  R{D)  depends on the  am ount of the  dam age cause by ions 
ra th e r th an  the  ion species. Hence, the  dependence of resistance on the  dose 
are similar. T h a t can be explained using the  energy density {Q) deposited  
per ion w ith  in nuclear collision, which is given by
Q =  nE [{Rp +  A R p) x 1.76 x 10^^] eVlion/cm^ (3.22)
where E is the  ion energy, n is the fraction of energy lost by nuclear colli­
sions, Rp is the  rang, and ARp is the  straggling. The calculated Q X e/Q C  
from this model w ith the  aid of TR IM  is 17.5, which is in an agreem ent w ith  
the shift in R{D)  found experim entally in Figure 3.13.
51
CHAPTER 3. DIAMOND ELECTRODES
Xe
150K 150K
10®
295K 295K10*
Xe
470K 490K
10®
Xe
690K 690K
F ig u re  3.12: Resistance of implantation-damaged diamond as a function of ion 
dose for 100 keV C and 320 keV Xe implantations at different tem­
perature. The arrows indicate the critical dose [63].
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F ig u re  3.13: Dependence of resistance on the dose for 100 keV C and 320 keV 
Xe [63].
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Temperature
Figure 3.12 shows that the critical dose increases with temperature and the 
resistance drop less sharply at the critical does. The dependency of critical 
dose on implanting temperature is illustrated in Figure 3.14. This can be 
explained by assuming that the implanted ion produces a sphere of damage 
with an average radius r. The radius decreases with temperature due to 
dynamic annealing around the circumference. The critical dose is related to 
r  by
r = T.135(Bf +
Dr
(3.23)
The correlation between equation 3.23 and the dependence of the critical 
dose on temperature, which is shown in Figure 3.14, was employed to find a 
direct relationship between r and implantation temperature. This relation­
ship is plotted in Figure 3.15. The figure suggested that graphitization will 
never occur when the diamond is implanted at temperatures more than 800 
K
C(100keV;
600 800200
IMPLANTATION TEM PERATURE (K )
+000
F ig u re  3.14: Dependence of critical dose on the implantation tem perature for 
100 keV C and 320 keV Xe [63].
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F ig u re  3.15: Radius of damage sphere as a function of implantation tem perature 
for 100 keV C and 320 keV Xe [63].
Dose rate
Figure 3.16 shows the critical dose for 320 keV Xe at three different dose 
rates. The critical dose decreases with increasing dose rate. This can be 
explained in term of the overlap of defects created in one cascade with those 
in an adjacent one before they have time to shrink.
10'
: 0  7.4X10 
L ■ 4.3X10  
L A 3.5X1010'
10 10
F ig u re  3.16: resistance versus the dose at different dose rates for 320 keV X [63].
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3.4 Summary
The Schottky barrier height is a very important characteristic of the metal 
semiconductor contact. The relationship between the Schottky barrier height 
and the metal work function depends on the semiconductor surface state den­
sity. For free or very low surface state densities, the barrier height is linearly 
proportional to the metal work function with a slope parameter Soî 1. On 
the other hand, the barrier height is independent of the metal work function 
in the semiconductors with very high surface states density, i.e the slope 
parameter S  is zero. The slope parameter can have any value between zero 
and 1 depending on the surface states density. In the case of diamond, the 
relationship between Schottky barrier height height and the the metal de­
pends on the surface termination. Oxygen termination increases the surface 
state density on the diamond surface and Schottky barrier height becomes 
independent of the metal work function. On the contrary, Schottky bar­
rier height strongly depends on the metal type for the Hydrogen terminated 
diamond.
Ohmic contact to diamond is usually fabricated by using carbide forming 
metals like Ti and Or. These metals interact with diamond surface after 
annealing at about 400° C, which eliminates the contact rectification and 
reduces the the contact resistivity. Another approach to fabricate ohmic 
contact to diamond is doping the diamond surface with boron. Diamond 
can be doped by ion implantation or by adding boron containing gas dur­
ing crystal growth. Doping of the diamond surface increases the tunneling 
current and consequently decreases the contact resistivity.
The ion implantation is used in this study for graphite contacts fabrication. 
Because of the implantation, carbon atoms are ejected from their original 
lattice places leaving vacancies in the lattice. These atoms re-bond with 
other carbon atoms but with sp  ^ bonds instead of sp^, because sp  ^ bonds 
are more stable at room temperature. If the density of the vacancies excesses 
a threshold density, the diamond turns to graphite. The range of the ions 
in the diamond and consequently the graphite thickness depends on the ion 
range. Typical contact thickness of about 150 nm can be achieved using 60
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keV boron and 100 keV carbon ions.
56
Device Fabrication and 
Experimental Setup
In this chapter, the fabrication and the experimental setup of the detec­
tors will be described in detail. Two polycrystalline and three single crystal 
CVD grown diamond samples were used in this study. These samples are 
electronic grade from ElementSix Ltd with very low impurities. The nitrogen 
impurities are less than 50 and 5 ppb in polycrystalline and single crystal di­
amond, respectively. The boron impurities are less than 1 ppb in both types. 
The samples were categorized into groups based on contact type: metallized 
samples, which have conventional metal contacts, and graphitized samples, 
which have graphite contacts fabricated using ion implantation. Section 4.1 
and 4.2 give details on the fabrication of metallized and graphitized devices, 
respectively. Then, the experimental setup for the measurements are ex­
plained in the following section but the obtained results are discussed in 
Chapter 5 and 6.
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4.1 Metallized devices
One polycrystalline and one single crystal CVD diamond sample with di­
mensions of 0.3x5 X 5 mm^, which were produced by Element Six, were used 
to fabricate these devices. The samples were cleaned with sulfuric acid and 
potassium nitrate at 300° C. This chemical treatment is to clean the dia­
mond surface from any graphite residual and to oxidize the sample surface. 
The oxidization effect of this treatment was reported by Mori et al [48].
Both the top and the back surfaces of polycrystalline sample were metal­
lized by thermal evaporation with 70 nm thick A1 followed by 30 nm of Au 
to prevent oxidization. Prior to the metallization, the top surface was pat­
terned using standard lift off photolithography with a square pad and guard 
ring (see details in Figure 4.1). The back side was metallized with a single 
pad using a shadow mask. A top view photo and cross sectional sketch are 
shown in figure 4.2. This sample is called PC A1 there after.
For the single crystal diamond, the back contact was firstly metallized 
with Ti, Ni, Au (20/30/40 ji m)by sputtering. At this stage, the sample was 
annealed at 900° for 60 minutes. Ti has been chosen to introduce a carbide 
layer to form an ohmic contact. Because Ti oxides in air, it was protected 
with Ni, and Au layers. The Ni layer was introduced between Ti and Au, to 
serve as a barrier to Ti diffusion through the Au layer to the contact surface. 
Then, the top surface was metallized similarly to the PC A1 sample to form 
a Schottky contact. This sample is called SC A1 there after.
4.2 Graphitized device fabrication
4.2.1 Implantation and annealing
Polycrystalline and single crystal CVD diamond samples with dimensions of 
0.3x5 X  5 mm^ were graphitized in the same way. The samples were im­
planted with a 60 keV boron dose of 5.0 x 10^  ^ cm~^ at room temperature. 
Prior to the implantation, the top surface was patterned with AZ nLof 2020 
photoresist to define a single pad with guard ring as shown in Figure 4.2(c).
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Figure 4.1: Preparation steps for the devices, the left branch illustrates the 
graphitized devices, the right branch illustrates PC A1 device. In 
the SC A1 device,the back contact was metalized and annealed first, 
then the top contact was metalized similarly to the PC A1 device.
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F ig u re  4.2: (a) Optical image of the the PC A1 sample (b)Cross section sketch 
(c) image of the PC G sample.
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2 jim thick photoresist was used to protect the area undesirable to be im­
planted. The range of 60 keV B ion in AZ nLof photoresist was estimated by 
TRIM to be 0.5 //m. The bottom surface was implanted completely. After 
implantation and removal of the residual photoresist, the sample was an­
nealed at 700°C for 5 minutes. This annealing condition was chosen based 
on the study by Zhang [65] to avoid boron diffusion.
The above ion implantation and annealing was designed to graphitize the 
implanted diamond in order to produce a high quality ohmic contact with­
out using metals. Atomic force microscope (AFM) images for the implanted 
and non implanted polycrystalline diamond are shown in Figure 4.3. The 
diamond image clearly shows the grain boundary but the graphite surface is 
smoother. Using a Dektak surface profile, it was found that the implanted 
area is about 100 nm thicker than the rest of the sample as shown in Fig­
ure 4.4(a). The volume expansion in the diamond-graphite transition process 
is expected because the density of graphite is less than diamond. If 140 nm 
diamond turn to graphite, as expected by TRIM simulation, about 100 nm 
expansion is expected considering the average graphite density of about 2.1 
g/cm^ whereas the density of diamond is 3.4 g/cm^. Such volume expansion 
in graphitized diamond has been reported by Prins et al[6Q] and Maby et 
al [67]. These graphite layers will be used as metal less contacts in IV and 
radiation detection measurements.
To remove excess carbon from the surface of the samples, they were etched 
in sulfuric acid and potassium nitrite in exactly the same way as that used to 
initially clean the sample. After the etching, the graphite height decreased 
to between 80 and 90 nm as shown in Figure 4.4(b).
Another SC sample was graphitized using carbon ion implantation. The 
carbon has the advantage of not leaving impurities under the contact. Also, 
the sample can be annealed at temperature higher than that in boron, be­
cause it is impurities free. The sample was implanted with 100 keV C ions 
and the dose was 10^ ® cm“ .^ Like the boron implanted samples, this sample 
was kept at room temperature during the implantation. After the implanta­
tion, the sample was annealed at 1000° C for 5 minutes. Then, the sample 
was chemically cleaned similarly to the SC G(B) sample. This sample is
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F ig u re  4.3: AFM images images for (a) diamond (b) graphite.
62
4.2.  GRAPHITIZED DEVICE FABRICATION
M__ H1000
1  I  (A)
(b)
Figure 4.4: Surface profile of implanted area in the PC G sample (a) between 
annealing and chemical etching (b) after etching.
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labeled SC G(C) hereafter.
4.2.2 TRIM simulation
The simulation of vacancy density and B ion distribution by TRIM [68] 
is shown in Figure 4.5. A secondary ion mass spectroscopy (SIMS) depth 
profile for a diamond sample implanted with 60 keV B at 5.0 x 10^ ® cm“  ^ is 
shown in Figure 4.6[10]. The conditions for ion implantation in Venkatesan’s 
study is similar to ours except the temperature condition: we implanted 
the diamond sample at room temperature, while in Venkatesan’s study the 
sample was maintained at 200° C during the implantation. The implantation 
at lower temperature causes more damage and consequently requires lower 
dose to graphitize the diamond (more detail was given in section 3.3.3). 
The TRIM simulation is with reasonable agreement with the SIMS depth 
profile taken about 100 nm expansion in account. That source of difference 
between the TRIM simulation and the SIMS measurement could be the 
temperature factor. Hence, TRIM estimates the range of implanted ions at 
room temperature while the implantation in Venkatesan study was at 200° 
C . Another possible reason is the channeling effect; in the TRIM simulation 
the atomic arrangement in the crystal is not considered.
The graphite/ diamond interface can be determined from the vacancy depth 
profile which is shown in Figure 4.5. According to Uzan-Saguy’s study [62] 
the critical vacancy density is 1 x lO^^cm"^, which corresponds to around 
140 nm depth. The surface profile (Figure 4.4(a)) indicates that there is 
about 100 nm outstanding graphite, which means there is about 40 nm more 
graphite under the diamond surface as illustrated in Figure 4.7.
4.3 Experimental Setup for IV measurements
Current-Voltage (IV) measurements were carried out using a Keithley 487 
voltage source and picoammeter. which was controlled by a computer. The 
equivalent electric circuit for IV measurements with the guard ring either 
connected or floating are shown in Figure 4.8. For the measurements at
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F ig u re  4.5: Simulation of dopant concentration and vacancy density for 60 keV 
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F ig u re  4.6: As-implanted B profile obtained from SIMS analysis on sample. The 
inset shows the profile following annealing and graphite removal [10].
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Diamond surface
100 nm graphite
I
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F ig u re  4.7: Graphite diamond interface, the total graphite thickness is about 
240 nm as estimeted by TRIM. Dectak image shows about 100 nm 
outstand and 140 nm is assumed to be sub diamond surface.
room tem peratu re  the  device was inside a m etallic box to  reduce the  noise 
and keep the  sam ple in darkness. At high tem pera tu re  the  device was kept 
in a cryostat.
F ig u re  4.8: Equivalent electronic circuit for IV measurements, the switch is 
closed to connect the guard ring.
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4.4 Experimental Setup for X-ray dosimetry
4.4.1 50 kVp X-ray
X-ray photo current measurements were carried out using an Oxford Instru­
ment XF5011 50 kVp X-ray tube at room temperature. This X-ray tube has 
stability of 0.2 % over 4 hours according to the manufacturer data sheet. The 
sample inside the box was aligned to the X-ray port on an optical bench. To 
measure the current the sample was connected to the same circuit explained 
above in the IV measurements. Figure 4.9 shows the bulk diagram and elec­
tric circuit for the measurements. The X-ray dose rate was calibrated using 
a Farmer 2670 ion chamber. The ion chamber was calibrated in free air at 50 
to 250 kVp X-ray with uncertainty less than 3.0 % according the calibration 
certificate.
The aim of the study is to characterize the devices sensitivity to the 50 
kVp X-ray as a function of the applied bias. Also, the priming effect and the 
time response was investigated by switching the X-ray tube on and off.
4.4.2 High energy photon and electron beam
One of the most important potential applications of CVD diamond is radio­
therapy dosimetry. Natural diamond ion chambers are already commercially 
available but very expensive due to their scarcity. More complex treatment 
techniques require small detectors with high sensitivity and good spatial res­
olution, which diamond can offer. The aim of this experiment is to test the 
use of graphitized samples in a radiotherapeutic radiation dosimetry. The re­
sponse of the SC G(C) and the SC G(B) to high energy photon and electron 
beams was studied. The beam source was a Varian medical linear accelerator 
in the Royal Surrey County Hospital. The samples were mounted in an open 
metallic box and placed in the center of 4 x 4 cm  ^ beam and 100 cm from 
the linac target. The read out circuit is similar to that used in 50 kVp X-ray 
measurements.
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F ig u re  4.9: Diagram of experimental setup for the X-ray measurements.
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4.4.3 Puise X-ray measurements
In pulse mode measurements, the sample was connected to a Femto pream­
plifier. The output signals of the preamplifier were acquired using a 2 GHz 
digital oscilloscope. The samples were externally powered using Keithley 
4127 power supply. Photon pulses produced by the linac were used as exci­
tation source.
4.5 Experimental Setup for alpha measurements
The diagram for the alpha measurement system is shown in figure 4.10. The 
samples were irradiated through the top electrode with which emits
5.49 MeV ol particles. The source was mounted around 2 cm above the 
sample. The pressure in the cryostat was kept below 10“  ^ torr to reduce 
the alpha particles attenuation in air. The preamplifier output signals were 
amplified using a shaping amplifier. Both the preamplifier and the shaping 
amplifier signals are visualized on a digital oscilloscope. The shaping am­
plifier output was connected to a PC via MCA. The system was calibrated 
using a puiser and a charge terminator with 1.87 pF capacitance. The aver­
age energy to create an electron hole pair Wehp of 13.2 eV for diamond was 
taken into account [69].
4.6 Summary
The devices can be classified in two groups: metallized and graphitized de­
vices. Two metallized devices were fabricated: one based on polycrystalline 
diamond with A1 contact on the top and the back. The other based on single 
crystal diamond has A1 on the top and Ti/Ni/Au on the back. Also, three 
graphitized samples were fabricated: one polycrystalline and one single crys­
tal samples were similarly fabricated using 60 keV Boron ion implantation. 
One more single crystal diamond was graphitized using 100 keV carbon ion 
implantation. Table 4.1 summarises the labels and the contact for the five 
prepared samples. The experimental setup for IV, X-ray, and alpha spec-
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troscopy were discussed.
T ab le  4.1: Summary of the devices
sample type top  contact back contact
PC  A1 poly crystalline Al\ Au A l\ Au
SC A1 single crystal Al\ Au T i\ Ni\ Au
PC G polycrystalline graphite graphite
SC G(B) single crystal graphite(B im plantation) graphite
SC G(C) single crystal graphite  (C im plantation) graphite
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IV and charge transportation 
characterization
In this chapter, current-voltage (IV) of the samples will be discussed. Also, 
the electron and hole transport characterization using alpha spectroscopy 
and pulsed X-ray is discussed.
5.1 l-V characteristics
The PC G device, was IV characterized in three fabrication stages: after ion 
implantation {i.e before any further treatment), after annealing at 700°C for 
5 minutes, and after chemical etching (details in chapter 4). These measure­
ments are shown in Figure 5.1. Before annealing, the measurements were 
noisy especially at low current (lower than 1 x 10“ ^^  Amp). The reason of 
that might be the lack of uniformity of the graphite contact. Hence, some 
area is expected to be highly defective but it has not turned to graphite
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completely. Another possible reason is the measurement condition. In this 
stage, the measurements were carried out using a probe station, which is 
more noisy than the measurements inside a shielded metallic box.
1e-9
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1e-11 -
S  1e-12 -
1e-13 -
ie-12 
2e-12  ^
Ie-12 L1e-14 -
 As implanted with guard ring I
 After annealing with guard ring
 After annealing without guard ring
 After etching with guard ring
-Ie-12 r -  
-2e-12 ■ 
-3e-12
V(Volt)18-15 -
-40 -20
-600 -400 -200 0 200 400 600
V(Volt)
F ig u re  5.1: IV characteristics of the PC G device.
After annealing, the leakage current has increased but it became more sta­
ble and the signal to noise level is higher than before annealing. The device 
shows ohmic behavior in the range of -50 to 50 V with a resistance of about 
1.6 X lO h^ Ç I  as shown in the inset of Figure 5.1. The figure also demon­
strates the importance of the guard ring in reducing the leakage current by 
eliminating the surface current.
After chemical etching the resistances increased compared with before 
etching and become comparable with those before annealing. Also, the IV 
shows fairly ohmic behaviour between -50 to 50 V as shown in the inset of 
Figure 5.1 with a resistance of about 1.19 x ICb^  Q, which is about 75 times 
more than before annealing. High resistivity is considered to be an advan­
tage in radiation detectors, because it reduces the leakage current and thus
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increases the signal to noise ratio.
The decrease and the increase in the resistance after the annealing and 
chemical etching, respectively, is believed to be due to the change in surface 
condition. Annealing the sample at high temperature might lead to oxygen 
desorption of the surface. Oxygen desorption with annealing at temperature 
below 790 ° is reported in the literature[70, 71]. Also, graphite is more stable 
at this temperature and the construction of the diamond surface atoms to 
graphite is more likely. Chemical etching leads to removal of the graphite 
surface and oxidization of the surface, which explains the decrease in the 
leakage current after chemical etching.
For the PC A1 device the IV measurements are shown in Figure 5.2 at 
room temperature, 400 and 450 K when the guard ring was connected. As 
seen in the PC G device, connecting the guard ring reduced the leakage 
current by eliminating the surface leakage current. A1 was reported to form 
a Schottky contact with diamond. The model used to analyze these mea­
surements is back to back Schottky diodes with a series resistance as shown 
in Figure 5.3(a). Although the sample was not intentionally doped, it was 
assumed to be p-type because CVD diamond is usually contaminated with 
boron. Based on this assumption, when positive bias was applied to the back 
contact it is considered to be in forward bias and the front contact in reverse 
bias as shown in Figure 5.3(b). On the other hand, when the negative bias 
was applied to the back contact, it was considered to be in reverse bias and 
the front contact in forward bias as shown in Figure 5.3(c). Since the for­
ward contact resistivity can be neglected compared with the reverse contact, 
the IV in positive bias was assumed to be dominated by the front contact 
reverse resistance. In the same way, the IV in negative bias was assumed to 
be dominated by the back contact reverse resistance and the bulk resistance.
The saturation current and Schottky barrier height are calculated ideally 
from the forward IV characteristics. In the case of the PC AI sample, the 
forward IV for each contact is blocked by the reverse of the other contact, 
which prevents carrying out the barrier characterization from the forward IV. 
So, the reverse characteristics were used to calculate the saturation current. 
In the high voltage range, 4> — (  — ^ i n  Eq 3.11 can be neglected. The
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F ig u re  5.2: IV of the PC A1 sample at room temperature, 400 K, and 450 K with 
connected guard ring.
(a)
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F ig u re  5.3: (a) Circuit diagram for the back to back Schottky diode model used 
for the analysis of the PC A1 device IV (b) when positive bias was 
applied to the back contact (c) the negative bias applied to the back 
contact.
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relationship between ln{I) and at 450 K is shown in Figure 5.4 for the 
top and back contact. The saturation current can be calculated from the y- 
axis intercept. Then, the barrier height was found using equation 3.9, where 
A* was 90 A/cm^K^. The Schottky barrier height was calculated from the 
measurements at 450 K to reduce the influence of bulk resistance on the 
barrier height. The barrier height was found to be about 1.7 eV.
-20
—  4 5 0  K  t o p  c o n t a c t  
  4 5 0  K  b a c k  c o n t a c t
-22
-24
-28
-30
-32
-34
0 1 2 3 4
Figure 5.4: ln(I) vs. for the (a)top contact and (b) back contact of the PC 
A1 sample.
The chemical treatment for this sample, as explained in Section 4.1 leads 
to surface oxidization. The barrier height of A1 or An on surface oxidized 
diamond is reported to be around 1.2 eV[49]. This barrier height is inde­
pendent of the metal type because the diamond surface oxidization results 
in high surface state density and consequently Fermi level pinning at the 
surface. The reason of the difference between the reported Schottky barrier 
height and the one found is the bulk resistance. The bulk resistance leads to 
underestimation of the saturation current and overestimation of the barrier 
height.
The IV characteristics of the SC Al, SC G(B) and SC G(C) samples at
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room  tem pera tu re  are shown in Figure 5.5. All the  samples show ohmic 
behaviour between -50 and 50 V as shown in the  inset of the  figure. A lthough 
the  Al is known to  form a Schottky contact w ith  diam ond, it shows a non­
rectifying contact. This is due to  the  very high bulk resistivity  dom inating 
the  IV characteristics.
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4e-11
2e-11
1e-13 -
-2e-11  SC G(B)
  3 0  G(C)
  SC Al
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-20 201e-14 - 40
-600 ^00 -200 0 200 400 600
V(Volt)
Figure 5.5: IV characteristics of the SC diamond samples at room tem perature.
The IV m easurem ents a t 333 and 373 K are shown in Figures 5.6 (a), 
(b) and (c) for the  SC Al, SC G(B) and SC G(C) samples, respectively. 
Figure 5.6 (d) shows a com parison between the  th ree  single crystal devices 
resistance a t room  tem peratu re , 333 K and 373 K. The SC G(C) and SC 
Al samples resistance decreases w ith tem pera tu re  a t the  same ra te  bu t the  
SC G(B) sam ple resistance decreases faster th an  th e  o ther two devices a t 
higher tem peratures. This is believed to  be due to  the  activation of boron 
im purities a t higher tem peratures. Boron has an activation energy of 0.37 
eV in diam ond, which m eans not all boron im purities act as acceptor a t 
room  tem peratu re . Increase in free hole concentration w ith tem p era tu re  
was reported  by Liu et al [72]. Increasing the  doping concentration increases 
the  tunneling  current and decreases the  contact resistivity.
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Figure 5.6: IV characterization at high tem perature of (a)the SC G(B) (b)the SC 
G(C) (c)the SC Al samples and (d) comparison between the samples 
resistance.
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5.2 Alpha spectroscopy
Alpha particle spectroscopy was used to characterize the mobility life time 
product for electrons and holes. The advantage of using alpha particles is 
the ability to characterize the propagation of the electrons and the holes 
separately. The range of alpha particles in diamond was estimated using 
a TRIM simulation to be around 15 iim. According to Schockley-Ramo 
theory (Eqation 2.5), the contribution of the holes to the signal acquired 
at the negative bias (and similarly the contribution of electron to signal 
acquired at positive bias)is about 5% to the total signal. For simplicity we 
ignore this small fraction and assign the signal acquired at positive bias to 
hole transportation and that acquired at negative bias to electrons.
In the PC samples, no resolved peak can be observed in the spectra as 
seen in Figure 5.7 for the PC G sample (the SC Al sample shows similar 
behavior). This reflects the inhomogeneity of transport properties of the 
material due to the presence of grain boundaries. The grain boundaries have 
a very high density of traps. Carriers cross random grain boundaries on their 
way to the electrode so their drift distances vary. If the end of the spectra 
is taken to be an indicator for the maximum CCE, less than 50% of the 
induced charge can be collected at the electrodes. Such spectra is typical 
for PC diamond. CCE between 15 and 70% for PC diamond depending on 
the crystal quality has been reported [34, 73, 74]. Also, the spectra show 
that the electrons have higher CCE than holes. Knowing that the holes have 
higher mobility than electrons, the lower CCE for holes can be attributed 
to the higher density of hole traps. Also, no signiflcant improvement can be 
obtained by increasing the bias from 200 to 700 V.
All the SC samples show very well deflned peaks as shown in Figure 5.8 
for the SC G(C) sample. The centroid and the FWHM of the peaks were 
determined by Gaussian distribution regression. The FWHM was limited 
mainly by the alpha source, which has low resolution due to its sealing. The 
FWHM decreases with increasing the bias, which indicate that the charge 
collection length saturated. The calibrated centroid can be interpreted as 
CCE by dividing it by the alpha particle energy. The CCE as a function of
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F ig u re  5.7: alpha particles spectroscopy of the PC G sample.
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F ig u re  5.8: Am alpha particles spectroscopy of the SC G(C) sample.
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applied bias is shown in Figure 5.9. Less than 5% uncertainty in CCE was 
found by repeating the measurements in different sequences. This uncer­
tainty is believed to be due to polarization. The data fits the Hecht equation 
only when surface recombination is considered. Also, introducing an internal 
polarization electric field (P) improves the fitting. So, the fitting equation 
can be written as:
I")
-d?exp
^re,h{V -  P)
where /zr, 5//z, and F  are the free parameters. The extracted values of 
[IT, S/p,  and P  are summarized in table 5.1. Although the samples have 
the same bulk properties, so are expected to have the same pr, there is a 
difference in the pr  extracted from the Hecht plot. The SC Al sample shows 
the highest electron pr  of about 3.1 x 10"^ cm^V“ .^ The possible reason is the 
polarization field which might dispute the electric field uniformity. The Hecht 
plot is based on the assumption of uniform electric field distribution through 
out the sample thickness. If the field was not uniform due to polarization or 
contact barrier, this will affect the pr  extracted from the Hecht plot fitting. 
The extracted value of P  for the SC Al sample is about 47.8 V. The SC 
G(C) sample has higher extracted PeT^  than the SC G(B) sample. This can 
be attributed to the higher polarization field found in this sample.
The hole pr  in the the SC G(B) and SC G(C) samples is higher than the 
electron pr. This is in agreement with finding by Lohstroh et a/[26] for SC 
diamond sample, but contradicting other results found by Isberg et al [75]. 
The most possible reason is the difference in crystal quality but it could be 
due to the measurement method hence Isberg used UV as excitation source. 
The life time is affected by trapping which depends on the crystal defects 
and impurities. The influence of polarization on the spectra acquired at
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Figure 5.9: The Hecht plot for (a) the SC G(C), (b)the SC G(B) (c) the SC Al 
samples.
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SC G(B) SCG(C) SC Al
HTe{cm^/V) (1.0 ±0.1) X 10-4 (1.2 ±0.1) X 10-4 (3.1 ±  0.3) X 10-4
IJ,Th{cm?/V) (4.4 ±0.1) X 10-4 (1.9 ±0.1) X 10-4 n
s/fie{V/cm) 485.3 ±  2.5 4.2 ±0.5 11.3
s/lJ,h{V/cm) 20.6 ±0.1 6.93 ±  0.2 n
PeiV) 10.1 ±0 .7 18.2 ±  2.7 47.8 ±  2.2
Ph{V) (1.9 ±0.5) X 10-43 (2.7 ±0.3) X 10-44 n
Table 5.1; mobility life time products /rr, surface recombination velocity to the 
mobility (5//r), and internal field polarization (P) for the SC G(B), 
SG G(G), SG Al samples.
positive bias polarity, which is dominated by hole transport induced signal, 
is negligible.
Because of the variation in diamond crystal quality produced in different 
laboratories, different //gTe and HhTh values are reported in the literature. 
For example, Isberg et al [75]have measured /zr products in SC diamond 
ranging from 1.7 x 10“  ^ to 3.3 x 10“  ^ cm^V“  ^ for electron and 6.5 x 10“  ^
to 14 X 10~‘^ cm^V“  ^ for holes [75]. These samples were grown by microwave 
plasma CVD on mechanically polished HPHT diamond. Lohstroh et a/[26] 
measured fir in single crystal diamond produced by Element Six using Ion 
Beam Induced Current. They reported /zr of 6±2 x 10“^cm^s“  ^ for electrons 
and 8 ±  3 X 10“^cm^s“  ^ for holes.
Electron surface recombination velocity to mobility (S'eZ/ZTe) in the SC 
G(B) sample is very high compared with the other samples. The surface 
recombination velocity (5g) can not be calculated on its own because the 
mobility is not known. However, assuming the mobility is the same in all 
samples as discussed above, the difference in 5//z reflects the difference in S 
only. The holes also suffer from high surface recombination velocity in this 
sample but on a smaller scale than the electrons. This surface recombination 
is believed to be responsible for incomplete charge collection in this sample. 
To explain the reason for surface recombination we recall Figure 4.5 , which 
illustrates the TRIM simulation for the boron implantation. The region in 
gray boxes in both sides of the sample are diamond with boron impurities 
between 10^  ^cm“  ^at the contact side and 10^ ® cm~^ at the bulk side. Boron
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impurities introduce trapping levels in diamond. In addition, there are some 
crystal defects resulting from the implantation contributing to charge carrier 
trapping. Very low surface recombination velocity, compared to the SC G(B) 
sample, was found in the other samples.
5.3 Pulsed X-ray characterization
The linac delivers the radiation dose as a series of pulses lasting few mi­
croseconds with adjustable frequency. The desired dose rate can be achieved 
by adjusting the pulse frequency. In advanced dynamic treatment such as 
gated intensity modulated radiation therapy (IMRT), the linac pulses are 
turned on and off synchronized with the patient breathing cycle. This mo­
tivates the interest to measure the dose on a pulse to pulse bases. Already 
some commercial instruments like Delta4 can measure linac dose per pulse 
to an accuracy of 0.6% standard deviation, using an array of 1069 p-Si diode 
detectors. However, such a system does not exhibit the water equivalence. 
Also it can not be use in vivo dosimetry, which is very favorable in such 
treatments, due to its large volume. Diamond has the advantage of tissue 
equivalence and radiation hardness. Also, diamond’s high carrier mobility 
prompts real time response with short rise and fall time. In addition, dia­
mond’s small size makes it practical to use in in vivo dosimetry. On the other 
side, characterization with fast X-ray pulses provides important information 
about the time response of the sample.
The samples were characterized using a 6 MV photon beam. The experi­
mental setup was explained in chapter 4. The acquired signals are displayed 
in Figures 5.10, 5.11, 5.12, 5.13 and 5.14 for the PC G, PC Al, SC Al, SC 
C(B), and SC C(C) samples, respectively. The figures also show simulated 
linac signals. This simulation is based on two assumption: the SC C(C) 
sample has 100% CCE at bias > 150 V and the linac pluses have a square 
signal shape (neglecting instrument time resolution). The first assumption 
was verified by alpha spectroscopy and hence the signal amplitude was cal­
culated. Despite that the second assumption is not verified experimentally, 
it is valid for the purpose of comparing between the samples.
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F ig u re  5.11: Linac pulse shape acquired by the PC AL sample.
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F ig u re  5.13: Linac pulse shape acquired by the SC G(B) sample.
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Figure 5.14: Linac pulse shape acquired by the SC G(C) sample.
The signal acquired by the PC samples was almost independent of the 
contact type. It has very short rise-time followed by a flat plateau region. It 
seems that the excitation from the valance band to the conduction band is the 
dominant process in these samples. Although PC diamond is known to have 
very high trap level density, the thermal detrapped carriers are not noticeable 
here. The reason of this might be multiple trapping i.e the detrapped carriers 
are trapped again before they contribute significantly to the photocurrent.
Contrary to the PC samples, the SC samples pulse shape was dependent 
on the contact type in terms of signal shape and collected charge. The signal 
shape differs from sample to sample and sometime it changes with bias in 
the same sample. In general, they have longer rise time and the plateau 
region is more upward inclined, due to thermal detrapping.
The fall time is a very important property of real time measurements. 
When the X-ray source turns off, the current decays to the dark value when 
the existing carriers have reach the electrodes. This time is influenced by 
the carrier transport mechanism since the electric field drifted carriers are 
much faster than diffusion transport. Also, if there is thermal detrapping.
86
_______________________ 5.3. PULSED X-RAY CHARACTERIZATION
it will contribute to increase the fall time. Here we defined it by the time 
required for the signal to decay from 90 to 10 % of the amplitude, which 
was obtained by averaging five readings from each side of the maximum 
reading. A comparison between fall times of the PC, SC samples and silicon 
is shown in Figure 5.15. The Si pin diode showed the slowest response of 
15.7 / iS , which is believed to be due to diffusion of carriers created outside 
the depletion region and also due its higher capacitance. Among the SC 
diamond samples, the SC Al sample has the highest fall time of around 5 / i s .  
The reason for such a delay is not clear but might be related to the diamond 
metal interface. The SC G(C) and has a shorter fall time than the SC G(B), 
which can attributed to a lower trap level density in the SC G(C) sample. 
The PC samples have very short fall time compared to the other samples. 
This can be explained by the multiple detrapping as discussed before.
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F ig u re  5.15: Comparison of fall time between PC, SC, and the silicon pin diode
The fall time as a function of the applied bias is shown in Figure 5.16. 
In the PC samples, there is no significant change in the fall time with bias. 
On the contrary, the fall time decreases exponentially with the applied bias
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in the SC G(C) and the SC G(B) samples. The reduction in fall time with 
the bias results from the decrease of the detrapping time with bias. This 
can be explained by the field assisted detmpping phenomenon. Considering 
a charged particle in a Coulomb well, the detrapping process can be strongly 
enhanced by high electric fields. This phenomenon has been reported in 
lithium drift Ge and Si detectors by Martini et al [76]. Also, it was reported 
in CdTe by Ottaviani [77] and GaAs by McGregor et al [78] and diamond [79]. 
There are two mechanisms that can explain the field assisted detrapping:
1. lowering of the Coulomb barrier by the electric field
2. tunnel effect
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Figure 5.16: The pulsed X-ray fall time as a function of applied bias
Our measurements show evidence of the electric field effect on average 
detrapping time. More investigation for field assisted detrapping is required 
to study this effect, which is beyond the scope of this study.
The dose can be obtained by the total collected charge, which was calcu­
lated by numerical integration of the signals. The resultant charge are shown
88
5.4.  S U M M A R Y
in Figure 5.17 and 5.18 for the PC and the SC samples, respectively. The 
collected charge by both the PC G and the PC Al samples increases with the 
bias due to the increase in the CCE. At bias lower than 100 V, the collected 
charge is the same in the two samples, but at bias higher than 100 the PC Al 
sample became more responsive than the PC G sample. The CCE dose not 
exceed 10% even in voltage as high as 350 V. This is consistent with alpha 
measurements, where low CCE has been observed. This is due trapping of 
charge carriers in deep trap levels in grains and grain boundaries.
The SC samples are in general more responsive than the PC samples. This 
is because the charge collection is much better in the SC samples as demon­
strated in alpha spectroscopy. The SC G(C) sample is assumed to have 100% 
CCE as measured by alpha spectroscopy. The SC G(B) sample responsivity 
is only about 50 % at voltage higher than 100 V. Thermal detrapping from 
shallow level seems to have significant effect on the signal shape in this sam­
ple. The signals have more inclined plateau than SC G(C) indicating the 
signal has not saturated yet. The SC Al sample has responsivity comparable 
to the SC G(C) but become unstable at bias higher than 60 V.
5.4 Summary
Firstly, the IV characteristics of the diamond samples were discussed. The 
PC G sample shows ohmic behaviour between -50 and 50 V with a resistance 
of about 1.2 X  lO^^fl. The PC Al IV was explained using a back to back 
Schottky model. The barrier height was found to be about 1.7 eV but it 
is believed to be overestimated due to the high series resistance. The SC 
samples IV were dominated by the bulk resistance. They showed Ohmic 
behavior in the range of -50 to 50 V with resistivity of 1 x 10^  ^ The 
resistivity decreases with increasing temperature as expected but the SC 
G(B) resistance decreases more rapidly than the other samples. This rapid 
decrease was attributed to boron impurities activation in high temperature.
The charge transport in the samples was characterized using alpha paret- 
icle spectroscopy. The spectra acquired by the PC samples have no defined 
peak, which reflects the inhomogeneity of charge transport. Such spectra
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are typical in PC diamond and caused by the high dislocation density in 
the grain boundaries. The spectrum acquired using the SC sample have 
in general a well defined peak, which is fitted by a Gaussian distribution 
to find the CCE. The CCE as a function of the applied bias was fitted by 
Hecht equation with a surface recombination factor. The mobility life time 
products and surface recombination velocity to mobility ratio were extracted 
from the Hecht plot. Mobility life time products are more than 10 x 10“  ^
cm^/V and 2 x 10“  ^ cm^/V for electron and holes, respectively. The surface 
recombination velocity was high in the SC G(B) sample, which is the reason 
of the incomplete CCE.
X-ray pulses produced by a linac with fast electronic read out were used 
to characterize the time response of the samples. The PC samples have fast 
response and very short fall time compared with the SC samples. This was 
explained by multiple trapping i.e the detrapped carriers are trapped again 
and can not contribute significantly to the signals. The fall time decreases 
exponentially with the applied electric field, which indicates a field assisted 
detrapping phenomenon.
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6.1 50 kVp X-ray characterization
In this experiment, the photocurrent was measured as a function of the X-ray 
dose rate at different biases. The dose rate was controled by changing the X- 
ray tube current from 1000 /iAmp to 200 //Amp in 200 //Amp intervals. The 
measurements for the PC G and SC G(C) samples are shown in Figure 6.1 
(a) and (b) , respectively. The photocurrent is stable for all samples in the 
low bias, but at higher voltage, samples with graphite contacts were more 
stable than samples with metallic contacts. However, the SC Al sample 
was very noisy beyond 70 V to the extend that made it not practical to 
measure beyond this bias. In the following, the dependence of photocurrent 
on the dose rate, the sensitivity, and the priming and time response will be 
discussed.
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6.1.1 Dose rate dependence
The average photocurrent over the measuring time and the error were found 
using Lab View software as shown in Figure 6.2. The average photocurrent 
vs. the dose rate is shown in Figure 6.3(a) and (b) for the PC G and the 
SC G(C) samples, respectively. The dependence of the photocurrent on 
the dose rate was evaluated using Fowler’s model [19], which describes the 
photocurrent dependence on the dose rate as:
hussain Data Mcan.\
I File Ed* iiew gfoject Operate lods üelp
: _________
Waveform Graph
I
500 1000 1500 aXK) 2500 3000 3500 4000 4500 5000 SSXi 6000 6500 70W 7500
Minimum
OTK............ 1 X 1 Y ^
I  Closer 0 2199.% 2.47511
I  Cursor 1 2824.52 3.61991
Figure 6.2: Screen shoot of Labview software used to average the photocurrent
(6.1)
where Iq is the dark current, c is the sensitivity, and A is an exponential 
parameter that describes the deviation from linearity. According to this 
model, A lies between 0.5 and 1. A = 0.5 for pure material with no traps or 
when the excitation rate is so high that the trap become insignificant. For 
or quasi- uniform t trap distribution A reaches 1. A more than 1 is found 
for nonuniform trap distribution.
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A was found by linear regression for the main photocurrent against the 
dose rate in a log-Iog plot. Figure 6.4 shows A at different bias. In general, 
the samples with graphite contacts have a A closer to unity than samples 
with metallic contacts. The SC samples with graphite contact show A be­
tween 0.92 and 0.95, which indicated a quasi-uniform trap distribution. Also, 
the PC sample with graphite contact has A between 0.8 and 0.9. These val­
ues are in good agreement with that reported in the literature, which range 
between 0.9 and 1 for CV diamond [80, 81, 82, 83, 84, 85]. On the other 
hand, both the PC and the SC samples with A1 contacts show A between 0.55 
and 0.65 and have large uncertainty. This can not be explained by having 
less trapping, as Fowler’s model suggests, because the bulk characteristics 
are similar to those samples with graphite contacts. A possible reason is 
the blocking nature of A1 contact, which might not justify Fowler’s model 
conditions.
Dependence of A on the applied bias is shown in Figure 6.4. For the PC 
G sample, A increases with bias until it saturates at about 70 V. In the SC 
G(C) and G(B) samples, A increases up to 50 V then decreases again to 
its original value. There is no clear trend in the PC A1 and SC A1 samples 
considering the error bars. In the literature, there is no consensus on how A 
changes with the electric field. Fidanzio et al demonstrate increasing trend 
in A with electric field until it saturates at unity [80]. This is similar to the 
behavior of A in the PC G sample. In a study by Ramkumer et al [81], A 
was reported to increase with bias to a certain value but it decreases beyond 
this bias similarly to the SC G(B) and SC G(C) samples. Fowler’s model 
can not explain the relationship between A and the electric field unless the 
trapping cross sections are affected by the electric field strength. Indications 
of field assisted detrapping were discussed in Section 5.3.
6.1.2 Sensitivity
The device sensitivity to the X-rays was extracted from the linear gradient 
of the photocurrent vs. dose rate date and was normalized to the sample 
sensitive volume. These measurements were carried out in free air as recom-
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mended by the American Association of Physicists in Medicine (AAPM)[86]. 
Because of the depth-dose curves for kilovoltage x-ray beams are difficult to 
measure and therefore less accurate, the determination of the dose on or close 
to the surface might be less reliable using the in-phantom method compared 
to the in-air method [86]. The uncertainty in the sensitivity is estimated 
to be less than 5% due to the uncertainty in sample positioning and back 
scattering from the aluminum box and the other supports. Also, the differ­
ence in held size between ion chamber calibration and measurements setup 
contribute to this uncertainty with less than 0.5 %.
The sensitivity as a function of the applied bias is shown in Figure 6.5
(a) for the PC samples. The sensitivity of the PC samples is found to be 
not affected by the contact type. It increases almost linearly with the bias 
until 100 V. Beyond 100 V, the sensitivity continues to increase but with a 
lower rate. The photocurrent in both samples was stable until 400 V and 
the sensitivity was about 1.5 x 10^  nC/Gy cm .^
The sensitivity of the SC samples as a function of the applied bias is shown
98
6.1. 50 KVp X-RAY CHARACTERIZATION
in Figure 6.5 (b). In general, the SC samples show sensitivities about one 
order of magnitude higher than the PC samples. This is because the CCE 
in the SC samples is much better than in the PC as demonstrated by the 
alpha spectroscopy. The samples with graphite contacts have the advantage 
of stability at high bias operation. They were stable up 450 V, which is 
equivalent to 15 kV/cm. Meanwhile, the SC Al sample was unstable beyond 
70 V. Although, operating in electric field more than required for maximum 
charge collection is not necessary, it can provide essential understanding of 
the charge collection mechanism in diamond X-ray dosimeters.
Contrary to the PC samples, the sensitivity of SC samples depends on the 
contact type. The SC Al sample has less sensitivity than both graphitized 
samples in its range of stability (between 10 and 70 V). The reason might be 
the polarization effect. Alpha spectroscopy shows that the SC Al sample suf­
fers more strongly from polarization than the other samples. The sensitivity 
in the plateau region (between 130 V(4.3 kV/cm) and 250 V(8.3 kV/cm)) 
for the SC G(B) and the SC G(C) samples is about 1.2 x 10® and 7 x 10® 
nC/Gy cm®, respectively. Because the sensitivity depends on the X-ray en­
ergy, comparison between samples sensitivity should be at the same energy. 
The reported sensitivity in the literature for 50 kVp X-ray is limited because 
most studies are focused on high energy radiotherapeutic photon beams. 
For the same X-rays energy, Lansley et al have reported sensitivity of about 
6.4 X  10® for monocrystalline CVD diamond biased with 5.29 kV/cm. This 
comparison shows that the SC G(B) has a comparable sensitivity with the 
published data but the SC G(C)sample sensitivity is about 1.5 times higher 
than the literature reported. However, this comparison should be taken with 
caution because of the possibility of the differences in the crystal quality.
The SC G(C) sample sensitivity has increased with the bias until it sat­
urated at 130 V. The sensitivity saturates when full charge collection is 
reached. This agrees with the expectation from alpha spectroscopy, where 
100% CCE was observed around 130 V. The sensitivity of the SC G(B) sam­
ple can be divided into regimes, from 10 to 250 V and from 250 to 500 V. 
The sensitivity in the first regime (from 10 to 250 V) increases with bias and 
saturated at 130 V to 250 V. This behavior is similar to the SC G(C) sample
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but scaled down because the CCE is about 80% at this bias, as demonstrated 
in alpha spectroscopy. In the regime from 250 to 500 V, the sensitivity in­
creases linearly with the bias. Explaining this increase by the increase in 
the CCE contradicts the alpha spectroscopy. An alternative explanation is 
photoconductive gain.
Photoconductive gain required, in addition to injecting contacts, a dif­
ference in electron and hole trapping probability. Trapping of one type of 
carriers leads to the injection of the other type. These injected carriers cross 
the device more than one time before they are trapped or the opposite car­
rier detrapped. This can only occur for fields at which the injected carriers 
have a charge collection distance greater than the thickness of the material 
(this explains why there is no gain below 250 V). Above this value, the gain 
is roughly linear with bias. Photoconductive gain in diamond was reported 
by J. Smedley et al [87] and F. Schirru et al [88].
This measurement does not clarify which carrier type is responsible for the 
photoconductive gain. This is because the signal is a mixture of electrons 
and holes. Using low energy X-rays, where deposition occurs close to the 
surface, is needed to study electron and hole currents separately. However, 
alpha spectroscopy indicates that electrons suffer more trapping than holes 
in the SC G(B) sample, which suggests that the holes are responsible for the 
gain.
6.1.3 Theoretical modeling for Charge collection in X-ray 
measurements
In contrast to alpha particle, where all particles deposit their energy roughly 
in the same distance from the surface, the X-rays deposit their energy through 
the whole sample thickness. This makes the carriers have different drift dis­
tances, and consequently different CCEs, according to their excitation origin. 
To simplify the X-ray CCE simulation, we segment the sample into 300 thin 
slices and the CCE% of each slice was calculated using the Hecht equation 
separately as shown in Figure 6.6. Then, the all CCE was found by averaging 
the slices CCE^. We assume all the charges are created in the centre of each
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slice and drift to their respective electrodes.
d-x
F ig u re  6.6: Theoretical modeling for CCE in X-ray dosimetry, the sample thick­
ness was divided to thin slices and the carriers movement towards 
the contacts.
The expected CCE, for each slice can be calculated by knowing the charge 
carrier mobility life time product {jir) from alpha spectroscopy. Assuming 
the charges are created in the middle of the slice and drift to the opposite 
electrode, the CCE% can be written as
1 -  exp
( r  -  V,)
/  —d(d — Xi) \  
\//eTe(y — Vp)j _ 
/  —d(d — Xi)
(6 .2)
where rj is the surface recombination factor given by 1/(1 -f sd//xV). The 
resulting CCE was normalized to the experimental sensitivity such that the 
SC G(C) sample has 100 % CCE at 130 V. The theoretically calculated 
CCE compared with the sensitivity found experimentally is shown in Fig­
ure 6.5(b). The calculated CCE does not agree with the measured sensitivity 
in all of the bias range. The theoretical model expects the saturation of the
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sensitivity at about 130 V in the SC G(C), which is in a good agreement 
with the experimentally measured . However, the charge carrier collection 
is less than theoretically expected at bias less than 130 V. The sensitivity 
of SC G(B) is always less than theoretically expected. A possible reason is 
the effect of surface recombination in X-ray could be more than the alpha 
particle. Cui et al reported dépendance of surface recombination velocity on 
the dose rate[89]. Also, the polarization field strength and its distribution 
are expected to be different from that in alpha case.
6.1.4 Time response and priming effect
To characterize the time response before and after the priming, the samples 
were exposed to 3.6 cGy/min for 25 mins three times with 15 minutes breaks 
under 100 V bias (the SC Al sample was biased with 10 V because it was 
not stable at 100 V). The measurements are shown in the top of Figure 6.7 
and 6.8 for the PC and the SC samples, respectively. The bottom figures 
illustrate the rise time from 10% to 90% before priming (on the left) and 
after priming (on the right).
The rise time of the PC Al sample is less than the instrumentation res­
olution time, which is about 0.25 jis. The rise time of the PC G sample 
was about 140 sec before the priming, as shown in Figure 6.7 (b). After 
irradiation with 9 Gy, the rise time has decreased to 40 sec but no further 
decrease in rise time was obtained with more irradiation. This behaviour 
can be attributed to the presence of two bands of trapping levels: deep and 
shallow trap levels. The deep trap levels have long detrapping times and 
once filled they become passive and no more contributed to current. The 
shallow levels have detrapping times less than the radiation fade time of 
15 minutes. Therefore, when the X-rays switched off, these traps empty 
and become active again. Also, keeping the sample under the bias during 
the radiation break helps in reducing the detrapping time because of the 
field assisted detrapping. The difference between the PC Al and the PC G 
samples is due to the boron impurities and defects caused by implantation.
Among the SC samples, the SC G(B) sample suffers the most from a long
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rise time. It has a rise time of 80 sec before irradiation as shown in Figure 6.8 
(b). After priming with 9 Gy, the rise time has decreased to 40 sec but no 
further reduction was obtained by increasing the irradiation dose to 18 Gy. 
This behaviours is similar to the behaviour of the PC G sample and can 
be explained similarly by the presence of deep and shallow trap levels. The 
SC G(C) sample has a rise time of 40 sec before and after irradiation as 
shown in Figure 6.8 (b) and (c). This indicates the presence of shallow level 
trapping, which has detrapping times less than the radiation break time (15 
min). The sample was kept under bias during the radiation break which 
assist the detrapping as discussed in Section 5.3. The rise time of the SC Al 
sample is less than the instrumentation time resolution.
Overshooting when the beam switched on features the SC Al sample re­
sponse. This overshooting amplitude decreases after irradiating the sample 
with 9 Gy. Such behavior was reported by Guerrero et al and was attributed 
to shallow level traps [90, 91]. Using thermally stimulated current (TSC) 
measurements, they demonstrate that the overshoot is observed where TSC 
signature shows shallow levels between 320 and 450 K. The overshooting phe­
nomenon makes the sample response depend on the radiation history and the 
waiting time since the last irradiation, which is not desirable in dosimetry.
6.2 Linac photon and electron beam dosemetry
This is a preliminary study on the dosimetric response for the SC C(B) and 
the SC C(C) samples using a Varian medical linear accelerator (linac). The 
samples were placed in the center of a 3.9x4.2 cm beam about 1 m from 
the gantry. The response to a 10 MV photon and a 20 MeV electron beam 
is shown in Figure 6.9 and 6.10, respectively. The average dose over time 
controlled by changing the linac pulses rate. This method dose not change 
the instant dose rate but changes the average dose rate over the measuring 
time.
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6.2.1 Sensitivity
At 130 V the SC G(C) and the SC G(B) samples have sensitivities to the 10 
MV photon beam of about 2.08 x 10^  nC/Gy cm“  ^ and 1.19 x 10^  nC/Gy 
cm“ ,^ respectively. The SC G(B) sample has higher sensitivity than the SC 
G(B) similar to that observed in the 50 kVp X-ray dosimetry. This is due to 
reduced collection efficiency resulting from boron impurity related trapping, 
as demonstrated by alpha spectroscopy. However, these measurement have 
more uncertainty than the 50 kVp X-ray because they were carried out on 
the surface. Meanwhile the reference point for the linac beam was the max­
imum dose depth. Also, the difference in the beam size between the beam 
calibration and the diamond samples measurements cause slight increase in 
the uncertainty.
The efficiency of ionization radiation detector is usually described in term 
of gain (or usually called charge collection efficiency if less than unity). The 
gain factor G can be defined as the ratio of the electrical current induced in 
the external circuit (7m) to the current created by the absorbed radiation in 
the material (7p), which is given by
Ip =  Dpev/w  (6.3)
where D is the dose rate (J.kg“^.s“ )^ , v is the sensitive volume of the 
detector (m^), pis the density (kg/cm^), e is the electron charge(C), and w is 
the energy required to produce an electron-hole pair (J). The gain ( lu /Ip )  
for the SC G(C) and the SC G(B) samples, when w taken to be 13.5 eV, is 
about 1 and 0.6, respectively. From alpha spectroscopy, the SC G(C) and 
the SC G(B) samples are expected to have CCE of unity and about 0.8, 
respectively. It is not clear why the SC G(B) sample has a lower CCE less 
than expected by the alpha spectroscopy.
At 350 V, the SC G(B) sample sensitivity increases strongly to exceed that 
for the SC G(C) sample and its gain is about 1.7. As seen in the 50 kVp X-ray 
dosimetry, at Voltage more than 250 V, some carriers have drift distances 
more than double the diamond thickness. This phenomenon is also observed
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in the 10 MV photon beam dosimetry and even stronger because the dose 
rate is much higher than in the 50 kVp X-ray case. However, this increase in 
sensitivity is on the expenses of the photocurrent dose rate linearity as will 
be discussed in the next section.
In the electron beam dosimetry, the sensitivity was slightly less than that 
for the photon beam. The SC G(B) and the SG(G) sensitivity at 130 V 
was about 7.96 x 10“^ nC/Gy cm“  ^ and 1.51 x 10^  nC/Gy cm“ ,^ respec­
tively. Less sensitivity to the electron beam compared to the photon beam 
was also reported by Anglies et al[4] and Cirrone et a/[92]. The dependence 
of sensitivity on beam type can be explained by considering the difference 
in stopping power and absorption coefficient between the electron and pho­
ton beam. However the difference between electron and photon sensitivity 
in these two studies is less than we found, which is believed to be due to 
capsulation and mounting issues.
At 350 V, the electron dosimetry behaves in a similar way to the photon 
dosimetry. The SC G(B) sensitivity has increased because of the photocon­
ductive gain. However, the increase in the gain combined with decrease in 
the photo current dose rate linearity, will be discussed in the next section.
6.2.2 Dose rate dependence
The dose rate dependence was evaluated using Fowler’s model [19], as ex­
plained in Section 6.1.1. When the samples were biased with 130 V, the 
SC G(C) and SC G(B) samples have A parameter of 0.96 and 0.80±0.01, 
respectively, in the photon beam. The SC G(C)sample has the same A that 
found using 50 kVp X-ray beam but the SC G(B) sample has a slightly lower 
A. In the electron beam, the SC G(C) and SC G(B) samples have A values 
of 0.88 and d=0.02and 0.79 ±0.01, respectively. The SC G(C) sample has 
slightly smaller A and the uncertainty has increased in both samples by a 
bout one order of magnitude.
At 350 V, a slight decrease in A was observed in the SC G(C) sample in 
both photon and electron beam, but a more significant decrease was observed 
in the SC G(B) sample. The gain mechanism is believed to be the reason
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for the linearity degradation. The mechanism of the gain at bias above 250 
V is that trapping of one type of carrier increase the life time of the other. 
Consequently, the drift distance becomes more than the sample thickness and 
they contribute in the induced current more than one time. At high dose 
rate, equilibrium will happen between trapping and detrapping in the trap 
levels principle for the gain. So that photocurrents have a sublinear trend 
with increasing the does rate. The dependence of the gain on UV intensity 
in diamond photodetector was investigated by Liao et al [93]. They found 
an increase in gain with UV intensity but saturated at high intensity.
6.3 Summary
In this chapter, the dosimetric characterization of the PC and SC samples 
was discussed. 50 kVp X-rays, 10 MV photon beams and 20 MeV electron 
beams were used in this study. The samples sensitivity and the linearity 
between photocurrent and the dose rate as a function of the applied bias 
was investigated. Also, the priming effect and the time response were char­
acterized using 50 kVp X-rays.
The samples sensitivity was characterized using 50 kVp at a bias range 
from 10 to 500 V. The PC sample sensitivity has increased with bias and 
no saturation has been observed up to 500 V. Also, there was no significant 
dependence of the sensitivity on the contact type. The sensitivity at 400 V 
was about 1.4 x 10^  nC/Gy cm^. Meanwhile, the SC samples’ sensitivity was 
found to be strongly dependent on the contact type. The SC G(C) sample 
has the highest sensitivity among the other SC samples. Its sensitivity has 
increased with bias from 10 to 130 V, then saturated at 1.2 x 10® nC/Gy 
cm® from 130 to 450 V. The sensitivity between 10 and 130 V of the SC 
G(B) behaves similarly to the SC G(C) sample but saturate at a low value 
of 0.8 X 10® nC/Gy cm® from 130 V to 250 V. Beyond 250 V, the sensitivity 
starts another course of increase due to photoconductive gain. The photo­
conductive gain occurs when the probability of trapping of one carrier type 
is higher than the other type. The reason for this is believed to be the trap 
levels introduced by boron impurities. The SC Al sample was stable only for
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bias below 70 V and has less sensitivity than the graphitized SC samples. 
The reason might be polarization as indicated by the alpha spectroscopy. 
The dependence of the photocurrent on the dose rate was analysed using 
Fowler’s model. A was found to be dependent on the contact type in the 
PC and SC samples. In SC samples, A of about 0.95 was found for samples 
with graphite contact while the sample with metal contact has A of around 
0.6. Similarly, the PC sample with graphite contact has a A of 0.85 while 
the sample with metallic contact has a A of about 0.6.
The SC G(C) and SC G(B) samples was characterized using a 10 MV 
photon beam and a 20 MeV electron beam at 130 and 250 V. At 130 V, 
the SC G(C) and the SC G(B) have sensitivities of 2.08x10® and 1.19 xlO® 
nC/Gy cm®, respectively. At 350 V, the sensitivity of the SG G(B) sample 
has increased significantly due to the photoconductive gain, which starts at 
a bias above 250 V.
The priming effect was observed in the PC G and the SC G(B) samples. 
This might result from boron impurities, hence no significant priming was 
noticed in the SC G(C). Although the SC Al is faster than the samples with 
graphite contacts, it suffers from overshooting when the beam is switched 
on. The overshooting amplitude was dependent on the irradiation history 
and the waiting time after the last irradiation.
These observation prove the practicality of using graphite contacts in di­
amond dosimeters. In addition to maintaining the tissue equivalence of the 
detector, it has operational advantages over the conventual metallic con­
tacts. It has a better electrical and mechanical stability and high signal to 
noise ratio at high bias. Also, the sensitivity has increased using graphite 
contact compared with metallic contacts (in the case of SC diamond) partic­
ularly when carbon ion implantation is used. The graphitization by boron 
ion implantation causes damage and leaves boron impurities, which might 
lead to response delay. These problems were came over by using carbon ion 
implantation, which does not leave impurities. Also, the carbon implanted 
sample can be annealed at higher temperature than the boron implanted 
sample without diffusion of impurities, which reduces the damage caused by 
the implantation.
I l l

Further discussion and conclusion
Diamond has a unique combination of extraordinary properties making it a 
candidate for a wide range of applications such electronics, thermal manage­
ment and cutting tools. More specifically, its radiation hardness and tissue 
equivalence is of interest in radiotherapy dosimetry. These variety of ap­
plications have driven a lot of research to improve the crystal quality and 
yielded in producing single crystal diamond with higher quality than natural 
diamond. However, controlling the properties of the contacts is very essen­
tial for any electronic device, which still needs better understanding in CVD 
diamond.
In this study, we aim to fabricate graphite contacts for diamond based radi­
ation detectors. The graphite contacts introduced by ion implantation have 
several advantages over conventional metallic contacts. One of most inter­
esting characteristics of diamond is its tissue equivalence, but using metallic 
contacts degrades this device property. Graphite has the same atomic num­
ber as diamond, so having graphite contacts maintains the tissue equivalence
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of the detector. Also, the poor adhesion of metal on the diamond surface 
shortens the life time of the device [7]. Graphite contacts made by ion im­
plantation show very good adhesion and stability. Although, no quantitative 
study was conducted on adhesion of graphite on diamond, some experimen­
tal observations suggest that the graphite contact is very stable and durable. 
For example, the contact was not affected by boiling the sample in sulfuric 
acid or acetone. Also it resists ultrasound vibration whether in water or 
acetone baths, while metal contacts usually peel off under such conditions. 
Moreover, the graphite contact has potential for use in heavy ion detection 
and measurements due its low atomic number, which reduce the attenuation 
of the incident particle in the contact.
The ion implantation causes defects in the diamond sample by transfer­
ring energy to the diamond atoms. When the density of vacancies exceeds 
10^  ^ /cm®, diamond turns to graphite in the defected regions after anneal­
ing. This phenomenon was exploited to graphitize thin layers on the diamond 
surface to be used as electrodes. Boron implantation was used to introduce 
graphite contacts to PC and SC diamond samples. TRIM was used to sim­
ulate the vacancy and boron impurity distribution in diamond. Graphite 
layers of about 240 nm thickness are expected to form in the implanted sur­
face. Also, the simulation indicates that the diamond region underneath the 
contacts have high boron impurity and vacancy concentrations. This leads 
to more traps and degrades the device performance in radiation detection. 
So that, in order to seek further improvements, carbon implantation was 
used to fabricate another SC diamond sample.
The graphite contacts were very stable mechanically. The samples were IV 
characterized using a Keithley 487 voltage source and picoammeter. All the 
samples with graphite contacts have linear IV characteristics. However, the 
diamond bulk resistivities are very high and are believed to dominate the 
IV. Characterisation of the graphite contacts resistivity is very important 
and requires distinguishing between contact and bulk resistivity. This needs 
fabrication of graphite on very thin diamond films to reduce the influence of 
bulk resistance. Also, a transmission line model is needed to be used to find 
the contact resistivity accurately.
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The charge carrier transport was characterized using alpha spectroscopy. 
There was no defined peak in the spectra acquired using the PC samples, 
which is typical for PC diamond due to the high trap density in the grain 
boundaries. The SC sample spectra have defined peaks, which were fitted to 
Gaussian distributions to find the CCE. The CCE vs. the applied bias was 
fitted to the Hecht equation modified to account for surface recombination. 
The mobility life time products and surface recombination velocity to the 
mobility ratios were extracted from the Hecht plots. Mobility life time prod­
ucts higher than 10 x 10~® cm^/V and 2 x 10"^ cm^/V for electron and holes, 
respectively, were found. The surface recombination velocity was high in the 
SC G(B) sample, which is the reason for the incomplete CCE. The surface 
recombination in this sample is a result of boron impurities and residual 
defects after annealing. The boron impurities and defects increase the trap 
density underneath the contacts, and that is why the surface recombination 
is negligible in the SC G(C) sample. Also, alpha spectroscopy suggests that 
the polarization in the samples with graphite contacts is less than in the 
SC Al sample. This indicates the dependence of the polarization on the 
interface between the diamond and the contact besides the bulk properties. 
Further investigation can be carried out using the Thermal Stimulated Cur­
rent (TSC) method for better understanding of the traps level and how they 
affect carrier propagation.
X-ray pulses produced by a linac with fast electronic read out were used 
to characterize the time response of the samples. This technique is inter­
esting in advanced dynamic radiotherapy treatment such as gated Intensity 
Modulated Radiation Therapy (IMRT), where the linac pulses are turned 
on and of synchronized with the patient breathing cycle. The PC samples 
have faster response and shorter fall-time than the SC samples. This was 
explained by multiple trapping i. e the detrapped carriers are trapped again 
and can hardly contribute to the signals. Also, there was no significant dif­
ference between the samples with graphite contacts and that with metallic 
contacts. On the contrary, the signals acquired by the SC samples differ 
according to their contacts. The SC C(C) sample has the highest collected 
charge and the fastest response among the SC samples. Also, the fall time
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was found to decrease exponentially with increasing the bias, which was 
explained by field assisted detrapping. However, the rise time of the SC 
samples is longer than the PC samples generally, but their responsivity is 
much higher. This is believed to be due to differences in the trapping and 
detrapping mechanisms. The PC diamond is known to have a high density 
of deep traps, which reduces the CCE and the responsivity consequently. On 
the other hand, thermal detrapping from shallow levels reduces the response 
speed in the SC samples. The effect of the thermal detrapping effect seems 
to be negligible, which might be due to multiple detrapping.
50 kVp from X-rays, a 10 MV photon beam, and a 20 MeV electron beam 
from a linac were used to study the dosimetric characteristics of the samples. 
Firstly, the 50 kVp X-ray was used to characterize the samples’ sentivities 
at a bias ranging from 10 to 500 V in order to optimize the operating bias. 
The PC sample’s sensitivity has increased with bias and no saturation has 
been observed up to 500 V. Also, there was no significant dependence of the 
sensitivity on the contact type. The maximum sensitivity was about 1.6 x 10® 
nC/Cy cm® at 400 V. Meanwhile, the SC samples sensitivity depends on the 
contact type. The SC Al sample was only stable for bias lower than 70 V 
and has less sensitivity than the samples with the graphite contacts. The 
reason might be the polarization as indicated by the alpha spectroscopy. 
The SC C(C) sample has the highest sensitivity among the SC samples. 
Its sensitivity has increased with bias from 10 to 130 V, then saturated 
at 1.2 X 10® nC/Cy cm®. The sensitivity between 10 and 130 V of the 
SC C(B) behaves similarly to the SC C(C) sample but saturate at a lower 
value of 0.8 x 10® nC/Cy cm® between 130 and 250 V. Beyond 250 V, the 
sensitivity starts another course of increase due to photoconductive gain. 
The photoconductive gain occurs when the probability of trapping for one 
type of carriers is higher than for the other type. The reason for this is 
believed to be the boron impurities, because photoconductive gain was not 
observed in the SC C(C) sample. Also, the SC C(C) and SC C(B) samples’ 
sensitivities were characterized using a 10 MV photon beam and a 20 MeV 
electron beam at 130 and 250 V. At 130 V, the SC C(C) and the SC C(B) 
have sensitivities of 2.08x10® and 1.19 xlO® nC/Cy cm®, respectively. At
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350 V, the sensitivity of the SC G(B) sample has increased significantly due 
to the photoconductive gain at bias higher than 250 V. The photoconductive 
gain increases the sample sensitivity under high Voltage operation, but on 
the other hand causes degradation of the linearity between the photocurrent 
and the dose rate.
The SC samples have much higher sensitivities than the PC samples due 
the better charge collection. The high sensitivity is a very important require­
ment for a dosimeter particularly when a small size dosimeter is needed. On 
the other hand, high quality PC diamond is most cost effective and has the 
prospective of a large area dosimeter.
Linearity between the photocurrent and the dose rate is highly a desirable 
character of a dosimeter. It simplifies calculating the dose rate from the 
photocurrent. The dependence of the photocurrent on the dose rate was 
analyzed using Fowler’s model. In this model, A is the exponent of the dose 
rate, which equals one in linear relationship between the photocurrent and 
the dose rate. A was found to be dependent on the contact type in the PC 
and SC samples. In SC samples, A of about 0.95 was found for samples with 
graphite contacts while the sample with metal contacts has a A of around 
0.6. Similarly, the PC sample with graphite contacts has a A of 0.85 while 
the sample with metallic contact has a A of about 0.6.
The priming effect was found to vary with the contact type in the PC and 
SC diamond. The samples with graphite contacts fabricated using boron ion 
implantation show more priming effect than the other samples. This might 
result from boron impurities, hence no significant priming was noticed in 
the SC G(C). Although the SC Al is faster than the samples with graphite 
contacts, it suffers from overshooting when the beam is switched on. The 
overshoot amplitude was dependent on the irradiation history and the wait­
ing time after the last irradiation. Overshoots were reported by Guerrero et 
al [90, 91] and attributed to shallow trap levels.
In general, fabrication of graphite contacts to diamond using ion implan­
tation is a promising route to achieve robust and stable contacts for diamond 
detectors. In addition of maintaining diamond tissue equivalence, detectors 
with graphite contacts have better signal to noise ratio especially at high elec-
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trie fields. Also, they have higher sensitivities and better linearity between 
the photocurrent and the dose rate. Nevertheless, the diamon/ graphite in­
terface and the contact resistivity needs more investigations. Also, the use 
of the graphitized diamond in radiotherapy dosimetry requires more study 
like the energy dependence and irradiation angle dependence.
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